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ABSTRACT 

 

A powerful mechanical characterization method applicable to sub-micron membranes is 

qualified to determine strain rate dependent yield behavior of free standing gold films. In 

this technique, the stress-strain behavior of gold is determined from the pressure-deflection 

behavior of a long rectangular diaphragm. Constant strain rate condition is derived from a 

readily available analytical model and implemented to the automation facility. A traditional 

silicon micromachining technique is performed to open 500 nm thick gold diaphragms. The 

significant considerations on sample preparation, experimental procedure and data 

acquisition are evaluated. Young’s modulus is measured smaller than the bulk value which 

is verified by the literature and the crystallographic texture analysis. Residual stress and 

yield strain is found to be in agreement with finite element simulations. The yield stress of 

gold films differed considerably at different strain rates increasing at rapid measurements. 
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ÖZET 

 

Önemli bir mekanik karakterizasyon tekniği olan şişirme deneyi, mikron-altı kalınlıktaki 

altın ince filmlerin sabit gerilim hızı koşullarındaki akma mukavemetini ölçmek için 

özelleştirildi. Altının baskı-gerilim davranışı ince uzun bir dikdörtgen diyaframın şişirme 

methodu ile ölçülen basınç-esneme davranışından elde edildi. Sabit gerilim hızı koşulu hali 

hazirda var olan bir analitik modelden türetildi ve deney düzeneğinin otomasyonuna dahil 

edildi. 500 nm kalınlıktaki diyaframlar yaygın olarak kullanılan Silikon mikro fabrikasyon 

tekniğiyle üretildi. Numune hazırlanması, deney düzeneğinin detayları, deneyel prosedür 

ve data alımı-işlenmesi etraflıca değerlendirildi. Elastik modül kalıp halindeki altın 

malzemenin elastik modülünden düşük bulundu; kristal yapı analizleri ve literatürdeki 

değerler mevcut durumu destekledi. Malzemenin akma mukavemetinin artan gerilim hızına 

bağlı olarak arttığı gözlemlendi.
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NOMENCLATURE 
 

E  Young’s modulus 

υ  Poisson’s ratio 

σ  stress 

σ0  residual stress 

σy  yield stress 

σu  ultimate stress 

ε   strain 

ε0  residual strain 

a  half of membrane width 

d  thickness of membrane 

h, hf  center deflection of membrane 

hs  substrate deflection 

ht  total measured deflection at the center of the membrane 

h0  initial deflection of the membrane 

c  strain rate 

t  time 

C1, C3  polynomial constants for the analytical blister model 

τ  dummy index for time 

δ dummy index for film deflection 

α  constant of proportionality between pressure and substrate deflection 
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Chapter 1 

 

INTRODUCTION 

 

 

1.1. Overview 

 

Nano and micro are prefixed with other terms specializing the general meaning of 

the original concept into the narrow boundaries of molecular and morphological scales 

of materials respectively. Nanotechnology refers to the engineering applications created 

by nano-sized devices and assembly of molecules.  In order to explain a mechanism 

existing in nanoscale, scientists usually refer to the theory of statistical mechanics and 

simulations of molecular dynamics. Beyond nanoscale, in the smaller extreme, physical 

mechanisms are explained by quantum mechanics; meanwhile, in the larger extreme, 

i.e. the microscale and beyond, the applicable theory stands as continuum mechanics. 

The theme of this work is analysis and development of an experimental research method 

applicable in microscale. 

Microtechnology requires materials to be tailored into small dimensions such that a 

microsystem is usually a composition of various thin film layers. Confined into a 

bounded space, materials are influenced by surface and interfacial effects [1]. Therefore, 

Microsystems are expected to show different physical properties than their bulk 

counterparts. This is one of the motivations for scientists to investigate the physical 

mechanisms occurring at small scale. 

Mechanical properties and reliability of thin films have become significant research 

fields as Micro Electro Mechanical Systems (MEMS) and microelectronics have 

extended their technological importance [2]. The mechanics of small structures cannot 

be directly studied using the bulk properties [3]. Microstructural features of 
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polycrystalline films such as grain size or crystallographic texture cannot be similar to 

those in the bulk, because the grain growth is limited by thickness. Due to the same 

reason, dislocation and grain boundary sliding mechanisms may alter as size scale gets 

smaller. As a result of this extreme, the plastic behavior of a polycrystalline material is 

expected to be different in the form of a thin film [3]. 

Another motivation to study the physics of thin films emanates from the need to 

secure the mechanical reliability of small devices [4]. Thin films may deform or fail as 

they sustain extensive amounts of loads. Materials can be critically stressed due to their 

structural functions. Microfabrication processes can also induce strains within materials. 

Since microfabrication processes takes place in extreme thermodynamic conditions, 

materials can experience spatial changes before they reach to equilibrium. Among these 

thermodynamic effects, thermal expansion mechanism plays a critical role within a film 

fabricated on a substrate. Having different coefficients of thermal expansion, each 

unique fabrication layers stimulates large residual strains if they are confined on each 

other at elevated temperatures. This physical mechanism can cause material 

deformation, malfunctioning or even failure in ambient process conditions. 

All the circumstances encountered above have obliged thin film characterization. 

Therefore, various mechanical characterization methods applicable to thin films have 

been developed. One can classify these methods in two main categories. The first 

category of techniques requires rather detailed sample preparation. Tensile test, bending 

test and bulge test are related to such a practical scheme. The latter category includes 

testing of thin films on substrates as in the cases of indentation test and substrate 

curvature technique. In this study, bulge test is facilitated to characterize free standing 

gold films with submicron-thickness. 

 

1.2. Mechanical Characterization Methods in Microscale 

 

Mechanical characterization in microscale [5,6] is a rather difficult task for several 

reasons. Sample preparation requires elaborate micromachining efforts. Once 
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fabricated, the samples should be handled gently and attached carefully to the test set-

up. As size scale decreases, higher resolution actuation and higher sensitivity data 

acquisition becomes indispensable. In this section, utilities and limitations of widely 

used experimental methods like substrate curvature test, indentation test, tensile test, 

bulge test and bending test will be presented. 

 

1.2.1. Microindentation 

 

Microindentation [7] method is a microscale analogous of the well known hardness 

test. This method was adapted to small scale specimens after depth sensing indentation 

devices [8] were invented. In a typical indentation test, a hard probe is penetrated into 

the film and the depth of penetration is measured as a function of the applied pressure. 

The indentation tip can be either spherical, conical or pyramidical.  

 

 

 

Figure 1.1:  (a) Load vs. Penetration Depth curve for Cr, measured with 5-µm-radius 

indenter. (b) Corresponding indentation Stress vs. Strain curve [9] 
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A typical load-penetration curve for indentation test is shown in figure 1.1. In 

principle, from indentation analysis, one can determine the modulus and the hardness of 

materials and estimate yield strength, σy and ultimate strength, σu values of a film of 

interest. There are important considerations to get accurate results in an indentation 

experiment. Ductile materials, especially metals, can pile up as the indenter penetrates 

into the sample. On the other hand, if the material is brittle, cracks might initiate due to 

applied compressive load. In addition, polycrystalline grains may sink through the film. 

An experimenter should interpret these mechanisms to ensure the accuracy of the final 

results. 

 

1.2.2. Substrate Curvature Technique 

 

Many mechanical characterization methods applicable to microscale thin films are 

inspired from the experiments originally designed for bulk materials. Among the 

techniques that have been mentioned so far, substrate curvature is the only one that is 

merely used for microfabricated samples. It is a utility to determine the biaxial residual 

stress in a thin film. In the analytical model, residual stress is a function of a measured 

parameter, radius of curvature and design parameters like film thickness and substrate 

stiffness. The principle of this technique relies on the fact that stress in a thin film is 

inversely proportional to the radius of curvature of the substrate it lays on [4]. This is 

valid as long as the film thickness is much smaller than the substrate thickness [10]. On 

the other hand, substrate curvature technique is not capable to determine other 

mechanical properties like Young’s modulus, yield stress, and Poisson’s ratio. 

 

1.2.3. Microtensile Test 

 

Tensile test is the most widely used mechanical test in bulk material analyses. A 

Complete set of mechanical properties can be measured using this method. The micro-

specimens are usually designed in dog bone geometry and uniaxially loaded till failure. 
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Stress-strain diagrams are directly plotted using measured parameters load and 

extension. The bulk method can be applied to microfabricated samples as well. A test 

sample with dog-bone geometry is micromachined inside a silicon frame. Readily 

gripped in a rigid structure, the sample can be securely attached to the actuator. Each 

test can be ran at desired strain rates [11], at desired temperatures [12] allowing in-situ 

electron microscope analysis of samples [13]. 

 

1.2.4. Microbending Test 

 

Bending test a.k.a. beam deflection test can be performed on a microfabricated 

cantilever. A micro-cantilever is a well defined rectangle fixed at one end and bound on 

a substrate. Fabrication errors tend to occur as design of cantilevers get smaller. 

Deviations in the designed geometry might create uncertainty in experimental results. In 

order to verify the experimental results in small scale, one should repeat a bending test 

on multiple samples. In a typical microbending test, the cantilever is tilted by an 

indenter and the tip deflection is measured. If the material of interest is soft, the indenter 

penetration into the sample should be subtracted from the total displacement. Like 

substrate curvature method, microbending technique can also determine the residual 

stress in the sample. In residual stress analysis, a film of interest is deposited on a 

thicker cantilever (i.e. substrate) and residual stress is measured referring the tip 

deflection data. Yield behavior of the materials is also observable via using a similar 

experimental approach.  

 

1.2.5. Bulge Test 

 

Bulge test studies center deflection of a membrane resulting from applied fluid 

pressure. This method was first studied by J.W. Beams in 1959 [14] and fully adapted to 

microfabricated films by Vlassak and Nix in 1992 [15]. From pressure-deflection data, 

one can extract many mechanical properties like Young’s modulus, Poisson’s ratio, 



 

 

Chapter 1 – Introduction 

 

6

yield stress, ultimate stress and residual stress of thin films. Following chapters will 

focus on the specialization of the method into a strain rate controlling facility. 

 

1.2.6. Comparison of Micromechanical Testing Techniques 

 

There have been examples of review studies [5, 6] and experimental analyses [16-

19] comparing the capacities and limitations of mechanical characterization methods. 

As indicated above, some methods are relatively cumbersome in terms of sample 

preparation and experimental practice. Likewise, some methods are advantageous over 

the others in investigation of specific properties. Indentation method is the single 

method determining the hardness in small scale, but Young’s modulus and Poisson’s 

ratio cannot be directly measured with an indenter. Since Poisson’s ratio is a geometry 

dependent property in analytical bending models, one can easily measure it performing 

bulge test on diaphragms of different geometry [20, 21]. Besides, bulge test and tensile 

test are in the solitude position to directly measure the complete stress-strain behavior of 

small samples; whereas, the indentation method misses such a utility. 

All methods except indentation are applied on large volumes of materials allowing 

one to extract average material properties. A single measurement of an indenter can 

merely determine local properties of a large sample. Therefore, one should take 

measurements from multiple points in order to attain a reliable mean result from an 

indentation analysis. 
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Chapter 2 

 

BULGE TEST 

 

 

2.1. Overview 

 

Bulge Test, a.k.a. Blister Test, is a versatile characterization method capable to 

determine a complete set of mechanical properties of thin films in various 

thermodynamic conditions. The first effort to adapt the technique to micro scale focused 

on determining residual stress in thin evaporated metal films on silicon nitride (SiNx) 

wafers [22]. Then, the method was exploited to measure elastic properties of thin films 

like Poisson’s ratio and modulus of elasticity [15]. Bulge test has proved to be capable 

to perform more complicated analyses like dynamic mechanical tests [23, 24], fatigue 

test [25], transient creep analysis [26], high temperature creep analysis [27], high 

temperature plasticity analysis [28] and viscoelasticity analysis [29]. The method is 

shown to be applicable not only to metals [23, 26-32] but also to ceramics [33-35] and 

to polymers [36-38]. So far, the literature has been missing a published study exploiting 

the bulge test in a strain rate dependent material property analysis. This study aims to 

reveal the method’s practicality to load the samples at specific strain rates and thus 

create a link between the strain rate dependent mechanical properties and microstructure 

of the materials. 

 

2.2. Theory 

 

A rectangular membrane with 10:1 aspect ratio is pressurized and the deflection h at 

the center of the membrane varies as a function of the pressure. The deflection is not 
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only dependent on the applied pressure but it is also a function of sample geometry and 

isotropic material parameters. In the elastic regime, for a linear elastic membrane, the 

relationship between pressure, P, and deflection, h, is given in a polynomial form [15] 

as 

 

( )
3

432

0

1
1

h
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Ed
Ch

a

d
CP

ν

σ

−
+=  

 

where σ0 is in plane biaxial residual stress, E Young’s modulus, ν Poisson’s ratio, d 

membrane thickness and a half of the membrane width. This model is a good 

approximation for membranes of various geometries. C1 is a geometry dependent 

constant and C3 depends on both the geometry of the membrane and the Poisson’s ratio 

of the material. For rectangular membranes with high aspect ratios, the above equation 

takes the following form: 
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This representation is valid as long as the membrane is loaded in the elastic regime. 

The geometry of the deflected membrane can be considered as a sliced cylinder, if the 

aspect ratio of the rectangle is large. In a cylinder-like geometry, stress gradients are 

negligible along the width of the loaded membrane.  

Whether the membrane is plastically or elastically loaded, the stress, σ and the 

strain, ε across the width of the sample are represented by the following equations: 
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where ε0 is the residual plane strain. Since h is much smaller than a, equations 2.3 can 

be rewritten as 
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This reduction is valid for strains less than 1%. For highly deformable materials, one 

should use the former version. 

Taking the first derivative of strain with respect to time, t, strain rate c can be 

derived: 
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Replacing the dummy variables, δ and τ with h and t respectively; one can solve 

the new differential equation as follows  
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(2.4a) 

(2.5) 

(2.6) 

(2.3b) 
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 For a flat membrane exposed to gauge pressure, the initial deflection, h0, in equation 

2.6 is negligible. Hence, the center displacement of a rectangular membrane at constant 

strain rate c exhibits square root time dependence as in equation 2.7: 

 

2
1

2

3
t

ca
h =  

 

The final result given in equation 2.7 will be revisited in chapter 4 while we discuss 

the effect of substrate deflection on measurements. 

  

2.3. Test Set-up 

 

 

 

Figure 2.1: 2D Schematic of Bulge Test 

 

(2.7) 
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Figure 2.1 provides the 2D schematic of the bulge test experiment. The set-up is 

basically designed to take two important streams of data, variable fluid pressure in the 

chamber and accompanying center deflection of the symmetric membrane. There are 

two sensors serving these tasks: The piezoresistive (pressure) transmitter is pressure 

sensing device and the laser sensor is position sensing device measuring vertical 

distance between a point on the sample surface and the sensor.  

 

 

Figure 2.2: The Main Body 

 

The main body of the experimental set-up is depicted in figure 2.2. During tests, the 

diaphragm is loaded by push of the piston which is driven by the piezoelectric actuator. 

The actuation is utilized by the analog signal coming from a PC controlled data 

acquisition (DAQ) card (Refer section 4.1.1 for DAQ specifications). The motion of the 

actuator is transferred to a piston by a coupling spring system. The cylindrical piston 

can compress or decompress volume of the fluid enclosed in an isolated chamber. The 

chamber needs to be perfectly enclosed in order to attain sufficiently high pressure; and 

accordingly measures the complete mechanical behavior.  
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Isolation of the fluid chamber is a significant issue influencing amount of maximum 

stress applicable to a diaphragm. The chamber has five open sites connecting various 

members, e.g. pressure sensor, plumbs, piston etc. which make the way out for 

pressurized liquid. Three of the five sites, the pressure sensor-chamber interface and two 

plumbs, are sealable by Teflon
©

 membranes in order to avoid fluid leakage. The 

Teflon
©
 isolator is a white flexible film tightly stretchable around screw shafts. The 

shafts should be wrapped in counterclockwise direction, the direction of screw 

loosening; otherwise, Teflon can crumple on itself and malfunction. 

 

 

Figure 2.3: Dissembled Fluid Chamber-Piston System 

 

The fluid chamber, the piston, the spring system and the nut-ring are dissembled and 

photographed as shown in figure 2.3. The cylindrical piston is sealed by a rubber nut-

ring (u-ring) passing through a circular slot with 40 mm diameter. The nut-ring has a 15 

mm inner perimeter strongly covering the outer perimeter of the piston. In the mean 

time, the outer perimeter is in tight contact with the circular slot. The piston can easily 
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slide through the nut-ring, while the pressurized fluid is kept in the chamber. The nut-

ring is a commercially available product manufactured by a Turkish rubber company 

KASTAŞ. It is marketed as U-Ring 22-15-4.  

The final opening of the chamber is a circular window showing the through view of 

the enclosed fluid. Initially, there was an effort to use regular glass to close this opening, 

but the brittle material failed to isolate the chamber perfectly. The window is now made 

of a commercial Plexiglas
©
 that is available in local markets. It is glued on the steel 

frame by a strong commercial adhesive. Looking through the window, the experimenter 

can check if there is any bubble remaining in the enclosed space. The existence of 

bubbles would dismiss an experiment since the compression of the piston is absorbed by 

air domains instead of the hydraulic fluid.  The ventilation of bubbles and other details 

about sample clamping will be discussed in section 3.2.3. 

 

2.4. Sensors and Actuator 

 

2.4.1. Laser and Specular Reflective Sensor 

 

 

Figure 2.4: The Specular Reflection Sensor [39] 

 

The deflection of the membrane at the center of the diaphragm is measured by a 

specular reflective sensor. As shown in figure 2.4, the specular reflection can pick up a 

major part of the reflected beam. The device is intended for measuring surfaces ranging 

from perfect mirrors to semi-specular surfaces such as aluminum, stainless steel and 
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other reflective materials. The beam used for such a mechanism is a red laser. The laser 

has a 10 µm beam spot for small features. Resolution in the sub micron range is 

achievable in microscale applications. 

 

 

Figure 2.5: The Sensor Head and Device Specifications [39] 

 

The basic SLS7000 sensor consists of two parts: the sensor head (figure 2.5) and the 

controller. A 3 m long cable connects the controller to the sensor head. A red LED on 

the sensor head indicates if the power is on. There are two other LED’s on the top 

surface of the controller indicating valid data in the measurement range (green LED) or 

invalid data/out of range (yellow LED) condition. The analog output is generated in the 

form of electrical current. 1 mA change in the output signal corresponds to a 0.0512 mm 

change in the absolute distance between the target and the sensor. If the target gets 

closer, the signal increases; or vice versa. The analog output is converted to voltage by a 

simple circuit (figure 2.6). In the connection circuit, 459 Ω load resistor is used which 

generates 9.18
 
V

 
=

 
20

 
mA

 
x

 
459

 
Ω signal difference for 1

 
mm

 
=

 
20

 
mA

 
x

 
0.0512

 
mm/mA 

net translation. This estimation is verified when the device is calibrated for 

measurements of 100 µm net displacement resulting 0.891 Volt difference in output 

signal. 
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Figure 2.6: The Connection Circuit 

 

2.4.2. Pressure Sensor 

 

In comparison to the displacement sensor, the pressure sensor is a less complicated 

setting. The device is a commercial product having a wide range of applications at e.g. 

refrigeration, hydraulic controls, air compressors, ink jet printers, vacuum pumps etc. It 

is a KELLER OEM piezoresistive transmitter generating output in the range of 4-20 

mA. A 248 Ω resistor is serially connected to the device converting the output in the 

range of 0.992 to 4.960 Volt. Approximately 1 Volt signal corresponds to the 

atmospheric pressure, while ~5 Volt is the maximum measurable limit indicating 1 bar 

inlet pressure. The output range is scaled by 0.5% resolution. The input voltage can vary 

between 8 and 28 Volts which can be generated by an external power supply. The tip of 

the pressure sensor is a gas screw which is in contact with the fluid chamber. 

 

2.4.3. Piezo Actuator 

 

A piezoelectric material changes its dimensions due to the polarization in applied 

electric field. Such a mechanism is exploited to design high resolution sub micron 

positioning devices. In the test set-up, a high voltage piezoelectric actuator, PI E-507, 

facilitates the translational motion of the hydraulic piston. The device is a 16 cm long 
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slim cylinder located at the tip of a spring system. A 2 m cable connects the device to a 

high voltage amplifier. Input signal received from the DAQ card is 100 fold amplified 

capable to stimulate 1 mm elongation. The whole actuation mechanism has more than 

0.1% resolution. As a result of such a fine resolution, the output signal can easily be 

controlled by a manual potentiometer as well. 
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Chapter 3 

 

SAMPLE PREPARATION & EXPERIMENTAL PROCEDURE 

 

 

3.1. Microfabrication of Thin Films 

 

3.1.1. Silicon Wafer 

 

A silicon wafer with a diameter of 4 inches and a thickness of 200±10 µm is used as 

the template of the microfabrication process. The single crystal silicon has a texture in 

<111> orientation and an electrical resistivity of 5 mili-ohm/cm. Before starting the 

process, the wafer goes respectively through “Piranha Cleaning” (a bath of Sulfuric 

Acid (H2SO4) + Hydrogen Peroxide (H2O2)) and “Oxide Etch” (buffered Hydrofluoric 

Acid (HF)) to get rid of the organic residue on the surface. At the end of each process, 

the wafer is rinsed with deionized (DI) water (for 5 cycles after “Piranha Cleaning” and 

for 3 cycles after “Oxide Etch”) and dried with N2. Finally, cleaned wafer is kept in a 

dehydration bake under 110°C N2 atmosphere for 15 minutes where it becomes ready 

for metal deposition. 

 

3.1.2. Metal Deposition 

 

The silicon wafer is first covered with a layer of 20 nm chromium (Cr). Then, 500 

nm thick gold (Au) is sputtered over the adhesive layer. The first photolithography 

process is applied on the Au layer which is referred as the front side of the wafer. Prior 

to the deposition of the photoresist (PR: S1828), Hexamethyldisilazane (HMDS) is laid 

on gold to avoid the strong interaction between the PR and the metal surface. Then, the 
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sample is “soft-baked” for 1 minute under 115˚C in order to solidify the PR layer. The 

wafer is aligned beneath the mask, and exposed to ultraviolet light to create the mask 

patterns. The developer is laid on the top layer to get rid off the PR that was not 

protected by the mask against UV. 

At the end of the first lithography, the piece is rinsed with DI water twice, (first for 

2½ minutes and second for 1 minute) and dried with N2. O2 plasma is applied for 3 

minutes in order to ensure that there is no excessive PR leftover. The piece is “hard-

baked” under 115˚C for 30 minutes, so the patterned PR becomes stronger. The PR is 

finally lifted off in acetone after 10 nm titanium layer is sputtered on top to create icons. 

Dehydration takes place in a 110˚C oven under N2 atmosphere for 20 minutes. The top 

of the metals is covered with a protective layer and hardened via baking at 115˚C for 30 

minutes. 

 

3.1.3. Window Etching 

 

 The second photolithography takes place on the back side of the wafer. A 

procedure similar to the first lithography is applied. HMDS is laid on the silicon surface 

and covered with a new photoresist material (PR2: SPR220-7). After the piece is soft-

baked for 30 minutes, it is aligned with the mask and subjected to UV. The developer is 

delivered in order to cast away PR2. The piece is rinsed with DI water twice (first for 

2½ minutes and second for 1 minute), and then dried with N2. O2 plasma is applied and 

cleaned the undesired PR2 portions from the surface. The piece is baked again at 115˚C 

for 30 minutes in order to harden the remaining PR2 layer. Finally, Deep Reactive-Ion 

Etching (DRIE) is applied to create diaphragm windows in silicon wafer. During DRIE 

process, PR2-free areas are deeply dug by a strong acid.  

The photoresists on the both sides of the final product are stripped with a strong 

solution (SVC-175); nevertheless, the metal side is covered with a protective photoresist 

layer. As the microfabrication process is over, the circular wafer is diced into square test 

chips by a sharp diamond tip. Each chip consists of three or more diaphragms as shown 
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in figure 3.1. Some diaphragms look empty due to the inability of design software to 

exhibit the small components at centimeter resolution. 

 

 

Figure 3.1: Lithography Mask 

 

The microfabrication process flow is shown in figure 3.2. 
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Figure 3.2: Microfabrication Process Flow 
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3.1.4. Final Products: Chips 

 

Free standing gold diaphragms suspend over etched windows opened on a silicon 

chip as depicted in figure 3.3 (a). An edge of the square is 1.2 cm and the diaphragms 

are located around the center. The diaphragms are designed as slim rectangles with an 

aspect ratio of 10:1. The edges of the diaphragms are parallel to the edges of the chip. 

The chip is located at the center of a circular aluminum plate which has a 9 mm wide 

hole keeping the chip in contact with the pressurized fluid. The area that is exposed to 

hydraulic pressure is indicated by a discontinuous circular line in figure 3.3. 

 

 

 

Figure 3.3: (a) Test Chip (b) Al Plate with Chip 
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3.2. Experimental Procedure 

 

3.2.1. Chip Cleaning 

 

After fabrication, the diced chips are stored in a Petri dish where they lay upon a 

sticky blue foil. The foil is torn with a razor and the chips are slowly peeled from the 

foil with Teflon tweezers. Each chip is cleaned before getting glued onto a circular 

aluminum platform. Initially, a chip is rinsed with acetone and the protective photoresist 

layer on the metal surface is removed. One can see the red PR layer gradually peeled 

and dissolved in acetone (figure 3.4. (a)). Immediately after the first bath, the chip is 

rinsed with alcohol in order to avoid the acetone drying on the metal. Finally, the chip is 

submersed in DI water and then dried with N2. 

 

3.2.2. Plastering 

 

The clean chip is attached at the center of a clean Al plate. One should be careful to 

align the chip ensuring that the diaphragm of interest will be completely exposed to 

hydraulic pressure. The four screw holes can be used as reference points during 

positioning. If each corner of the chip is equally away from the neighboring hole, one 

attains the perfect alignment. High precision alignment of the sample (section 3.2.4) 

will be much easier as long as the square chip is symmetrically centered on the circle. 

Epoxy adhesive is applied on aluminum surface along the edges of the square chip 

(figure 3.4 (b)-(c) & 3.5). It is prepared via mixing equal volumes of a resin and a 

curing agent. The mixing and casting of the viscous epoxy on aluminum is assisted by a 

needle. The adhesive becomes gel-like approximately 3 minutes after mixing. The 

curing of the epoxy stagnates approximately after 30 minute. This period varies if the 

fractions of mixture deviate from the ideal one to one ratio. 
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There are significant considerations for sticking the chip on aluminum surface. One 

should cast the adhesive merely on the aluminum surface, not on the chip. The viscous 

liquid will gradually spread on the close neighborhood of the edge of the square until 

the epoxy is gelated. The excessive amount of adhesive applied on the sample is 

undesirable since it might spread on the far inner regions towards the diaphragms. 

Epoxy should not be applied under the chip between the silicon-aluminum interface 

either; if so, the silicon is bended as solidifying epoxy experiences a phase change. Such 

a change at the interface affects the topography of the gold and should be avoided. 

 

 

 

Figure 3.4: (a) Chip Cleaning, (b) - (c) Plastering 

 

 

 

Figure 3.5: Square Chip Plastered on Al Plate with Epoxy 
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3.2.3. Clamping and Alignment 

 

As long as the epoxy is hard, the aluminum platform can be clamped to the test 

machine. There are two significant considerations in this process: 

1. During clamping, the diaphragms should not be extensively loaded, 

permanently deformed or contaminated. 

2. At the end of clamping, there should not be any air bubble entrapped in the 

fluid chamber. 

A piece of paper adhered between the Al plate and the chamber hole securely 

facilitates sample clamping. The procedure basically consists of three major steps: 

1. The open fluid chamber should be completely filled with oil removing 

entrapped air out. 

2. The backside of the Al plate should be filled with oil and closed with a piece 

of paper. 

3. The Al plate should be put on the chamber and the paper is removed 

smoothly out along the plate-chamber interface. 

During the placement of Al platform, the experimenter should vigorously hold it 

tight on the set-up to prevent air entering the closed chamber. Meanwhile, the 

experimenter should ensure that the sample is not loaded extensively. For this reason, a 

voltmeter is serially connected to the pressure sensor continuously indicating the 

amount of fluid pressure in the chamber. 1 Volt or higher increments in the signal may 

permanently deform the smaller diaphragms. 

The experimental preparation is a significant step in bulge test analysis. One should 

carefully apply the nine steps listed below along with the security regulations 

encountered above. The nine steps of experimental preparation are demonstrated in 

figure 3.6. 

1. All plumbs are closed and the chamber is completely filled with machine oil. 

The chamber is inspected for bubbles with a fiber-optic torch. The pressure 

sensor and the corresponding voltmeter are turned on. 
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2. The small space at the backside of the Al plate is slowly filled with oil until 

the level of the liquid advances the black O-ring located on the Al surface. 

3.  Oil in the small space is carefully enclosed with a piece of paper ensuring 

that there is no air remained beneath the insulator paper: Observe that O-ring 

and paper strongly stick each other along wet environment. The paper should 

remain attached even after the plate is turned downside-up. 

4. The Al plate is vertically put on the set-up without releasing the force 

applied on it. Remember: If the plate is tilted, the paper will peel and the 

previous steps should be repeated. 

5. A plumb is opened before the interfacial paper is removed. The signal in the 

voltmeter drops to the reference value i.e. ~1 V and remains constant. In this 

way, the experimenter prevents the risk of extensive loading. 

6. Tightly holding the Al plate, one can pull the interfacial paper out. 

7. The screws are gradually fastened in diagonal sequence. The plumbs are 

closed and the chamber is inspected whether there is any bubble trapped 

inside or not. 

 

3.2.4. High Precision Alignment 

 

The steps (8) and (9) consist of high precision alignment. After sample is clamped 

on the main body, freely moving test set-up is brought under the laser sensor which is 

clamped on a fixed boss attached onto a vibration table. Initially the sample is roughly 

moved along by hand but this is not sufficient for accurate positioning. 

The experimental procedure continues as follows: The laser sensor and camera is 

turned on along with TV. The camera magnifies and screens the area around the point 

where the laser beam falls upon. Light is carried by the fiber optic torch onto the sample 

surface. As the experimenter sees the laser point, the surface is scanned by the motion 

of mechanical actuators attached at the carrier stages. In the mean time, the relative 

position of the surface with respect to the fixed position of the sensor is interpreted via a 
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voltmeter. This voltmeter is serially connected to the laser sensor and allows one to 

observe the experiment together with the voltmeter connected to the pressure sensor.  

In order to achieve the perfect alignment of the sample, one should read the same 

voltage value along the chip surface. If the sample is tilted, one requires to align the 

sample around the rotating axes of the set-up. The two significant actuators controlling 

the rotating axes are shown in section (8) of figure 3.6. The actuators that control the 

scanning motion are shown in section (9) of the same figure. Due to the dust particles 

and leftover photoresist, it is hardly possible to attain the perfect alignment. 

Nevertheless, an experimenter can achieve close to perfect alignment as long as an 

iterative effort is practiced among the scanning and aligning processes. 

 

 

Figure 3.6: Experimental Procedure: Sample Clamping (1-7) & Alignment (8,9) 

 



 
 
Chapter 3 – Sample Preparation and Experimental Procedure 

 

27

3.2.5. Before the Experiment 

 

There are few other tasks to accomplish right before the experiment. The Labview 

program (figure 4.1) requires some parameters to be specified such as the diaphragm 

size, the rate of the experiment and other hardware parameters for data acquisition. Prior 

to assigning the control parameters of the measurement, the experimenter should decide 

to choose the diaphragm to perform the experiment. When the diaphragm is chosen, the 

piezo actuator is turned on and then the plumbs are closed respectively. The close 

vicinity of the center of the diaphragms is scanned with the laser and the flatness is 

ensured (Remember: h0 is set to zero in equation 2.6). The laser probe is moved on the 

center of the diaphragm which is indicated by a 10 nm thick titanium cross ‘┼’ 

microfabricated on the gold surface. The cross in the center of a 380 µm (2a = 380 µm) 

wide diaphragm can be seen in figure 3.7. 

 

 

 

Figure 3.7: The Optic Microscope Image of a 380 µm wide Au Diaphragm 
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3.2.6. After the Experiment 

 

The experiment is automated by a Labview routine which can be modified to actuate 

the piston in different modes and take data at various acquisition rates. The details about 

data acquisition and automation will be discussed at the next chapter. At the end of each 

experiment, the aluminum platform should be unclamped and slightly freed from 

contaminated oil by a diaper. The sample should be labeled and kept in a safe storage 

until further characterization techniques like electron microscope analyses are 

performed. The chamber should not be kept enclosed for long times, otherwise the 

pressurized high pressure causes relaxation of the insulator set-up components and fluid 

may leak through the connective sites. Such a problem has been once experienced and 

the set-up was re-maintained. 



 

 

Chapter 4 – Data Acquisition, Automation and Data Processing 

 

29

 

 

Chapter 4 

 

DATA ACQUISITION, AUTOMATION & DATA PROCESSING 

 

 

4.1. Data Acquisition 

 

4.1.1. DAQ Card 

 

A DAQ card is the interface between a computer and an experimental environment 

allowing one to automate various tasks simultaneously and take experimental data. In 

the bulge set-up, the sensors and the actuator are controlled via a National Instruments 

DAQ card connected to a PC. The card can be driven by Microsoft Windows 

compatible software, Labview, which can facilitate virtual instruments in a PC 

environment. The DAQ card consists of ten input and two output female BNC 

connectors that can communicate with sensors and actuators respectively. The card can 

transmit signals between a host computer and connected devices. 10 Volt is the 

threshold value for transferred signals. Therefore, sensors are constrained to give 

outputs smaller than the threshold value; such that the output of pressure sensor is 

confined between 0.99 and 4.96 Volts while the output of displacement sensor remains 

between 0 and 8.91 Volts. For details, please refer to section 2.4. 

 

4.1.2. Labview 

 

Labview routines are graphical program codes. Each Labview routine is composed 

of two main windows, the front panel and the block diagram. The front panel is the user 

interface of a Labview routine consisting of control buttons, indicators, charts and 
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graphs. One can control or monitor an experiment working on the front panel of a 

Labview routine. The charts, icons and other user-interfacial components of a virtual 

instrument can be modified editing the front panel. On the other hand, the block 

diagram is a graphical programming media where logical and mathematical arguments 

along with readily available subroutines compose program algorithms. The functions of 

a Labview routine are sequentially wired (connected) to each other either 

collaboratively working or independently running within loops or case structures. One 

can build many applications using Labview; nevertheless, data acquisition is the most 

fundamental facility that is widely used by experimenters. 

Experimental conditions of the bulge test can be modified via using different 

actuation mechanisms. The DAQ process can be modified for each distinct experiment 

as well; however there is no need to change optimized DAQ specifications once the 

uncertainty of routine experimental results is minimized. In the bulge project, the data 

scan rate is always set to 200 scans per second while 50 scans are written to an identical 

separate sheet at each time.  Thus, the program is synchronized to run 4 times per 

iteration sweeping the whole scan backlog in the buffered memory. 

There are two distinct Labview routines used for bulge analysis: the first one (figure 

4.2) is used for system calibration whereas the second one (figure 4.3) automates the 

system to achieve a constant strain rate condition. Both routine uses the same data 

acquisition method, while each has a different way to drive the actuator. The calibration 

routine is dedicated to determine the ratio between the signal that drives the actuator and 

the signal generated by the motion of the test membrane (see section 4.2.1). In contrast, 

the main routine implements the time dependent function generated by the static system 

parameters. The Labview representation of this function can be seen in the block 

diagram (figure 4.3) at the right hand side of page 33. The detailed derivation of this 

function is given in section 4.2.3 starting at page 38. 
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Figure 4.1: The Front Panel of the Main Routine 
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Figure 4.2: Block Diagram of the Calibration Routine 
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Figure 4.3: Block Diagram of the Main Routine 
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4.2. Automation 

 

4.2.1. The Static System 

 

There can be several ways to adapt bulge test into a controlled strain rate analysis. 

One can solve the issue using either a dynamic model or static analysis. Dynamic 

modeling requires system identification, a series of experiments measuring the 

frequency response of a system as a result of varying stimulus. Having an identified 

system, one can establish the transfer function for a controller of interest. Such an effort 

was initially practiced via designing a PID controller. However, the system 

identification is not precisely accomplished due to the noise in displacement data. 

Besides, the high order time dependence of the assigned set function, i.e. equation 4.7 

requires two controllers (a PID and a PI) to be performed collaboratively. Such a 

complicated approach failed to create a well-situated solution for the constant strain rate 

problem. 

Instead of a dynamic approach, the static analysis has been a more suitable solution 

to the constant strain rate problem. In order to suggest such a solution, the static 

response of the system under monotonic stimulus effect is characterized. For this 

purpose, a Labview calibration routine is designed (figure 4.2). The relationship 

between the controlled rate of piezo input and accompanying displacement output is 

determined. The response of the laser sensor is shown to be linearly proportional to 

monotonically increasing piezo signal. The coefficient of linearity is found to be 

approximately 40
 
±

 
5 for each rate of piezo drive (Table 4.1). In other words to say, the 

output sent to pizeo by a DAQ card creates a 40 fold smaller input that is generated by 

displacement sensor. Therefore, one can control received laser signal h manipulating the 

time dependent δ(t) signal driving the piezo actuator. See Table 4.1 for some calibration 

data. 
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Table 4.1: Examples of Static Calibration 

dδ/dt  
Piezo Rate 
[V/iteration] 

dh/dt 
Displacement Rate 

[V/iteration] 

dδ/dh 

Proportionality 
Constant (~40) 

0.03 0.000701405 42.8 

0.10 0.002735425 36.6 

0.30 0.007818417 38.4 

 

Before each experiment, the samples are calibrated by the Labview routine shown in 

figure 4.2. At the end of each calibration, the experimenter attains the exact value of the 

proportionality constant for a diaphragm of interest. However, it is not a rough 

approximation to take this constant 40 since the proportionality is not extensively rate 

dependent
1
. 

 

 4.2.2. Substrate Deflection 

 

In an ideal bulge test, diaphragms should suspend over rigid windows so that the 

pressurized fluid cannot deflect the experimental frame. Figure 4.4 depicts an 

explanatory view of the ideal and actual cases in substrate stiffness. In this project, the 

gold diaphragms are micromachined on 200 micron thick Silicon wafers (section 3.1.1). 

Such a thickness is required due to microfabrication constraints; but, on the other hand, 

stiffness deprivation results in other complications. Applied pressure causes 

considerable amount of substrate deflection which apparently creates handicap in direct 

retrieval of useful data. Displacement of substrate should be eventually subtracted from 

measured deflection.  

Delamination is the second concern in the reliability check of the deflection data. In 

order to inspect the possibility of delamination, two sets of experiments are performed. 

                                                
1
 Other calibration experiments which are not recorded and hence excluded from Table 4.1 show similar 

static response. 

(4.1) 
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First, a routine experiment is performed in which the displacement data is taken from 

the close vicinity of the edge of a diaphragm (figure 4.5 (i)). The deflection is measured 

approximately 1.2 µm. At the same experimental conditions, the total displacement of 

the center of the diaphragm is measured as 6.0 µm. The net deflection is found 

approximately 80 % of the total measured deflection. In the second set of experiments, a 

sample is prepared upside down and a final measurement is taken over the silicon 

surface. Similar deflection behavior is observed (figure 4.5 (ii)) proving that the out-of-

membrane-disposition is not due to delamination; instead, there is pure substrate 

deflection that should be excluded from the measured data. The adhesive Cr layer 

deposited between Si and Au successfully rules out delamination risk. 

 

 

Figure 4.4: (i) No deflection, (ii) Rigid Substrate, (iii) Non-rigid Substrate 
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Figure 4.5: Substrate Deflection Measured on (i) Backside, (ii) Frontside 

 

As a limitation of the single point displacement measurement, the deflection of the 

substrate and the deflection of the membrane cannot be determined simultaneously. 

Therefore, at the end of each regular measurement taken on the center of the diaphragm, 

the experimenter needs to run another experiment measuring the deflection of the 

substrate at the same experimental conditions. Briefly, using the current infrastructure, 

the net deflection of the membrane (hf in fig. 4.4) can be merely determined via 

subtracting the substrate deflection data (hs in fig. 4.4) from the total measured 

deflection data (hs + hf in fig. 4.4). 

In order to remove the substrate deflection from the total displacement of the 

diaphragm, a rather simple method was discovered. Simulations (figure 4.6) along with 

the experimental results (figure 4.5) showed a linear relationship between the substrate 

deflection hs and the applied pressure P as outlined in equation 4.2. 

 

shP α=  

 

Measuring the linear proportionality constant α, an experimenter can numerically 

determine the net deflection of a bulging membrane. The value of α is retrieved from 

(4.2) 



 

 

Chapter 4 – Data Acquisition, Automation and Data Processing 

 

38

the linear fit of the pressure vs. substrate deflection graph. The typical value of 

experimental α is determined on the order of 10
9
 Pa/m. In order to verify this quantity, a 

series of FEM analysis is performed. A 500 µm wide gold membrane with 55 GPa 

Young’s Modulus, 0.425 Poisson’s ratio and 130 MPa biaxial residual stress is located 

over the center of a 1 cm radius Silicon substrate. Poisson’s ratio and Young’s modulus 

of Silicon is taken 0.25 and 160 GPa respectively. Two major deviations from the actual 

chip design existed in this model. First, the effect of neighboring diaphragms is not 

taken into account. Second, the diaphragm width is taken fixed which indeed varies 

from one chip to another. Nonetheless, the simulation value of α is determined to be 

3.28*10
9
 Pa/m which appears to be quite compatible with the experimental α values. 

 

Figure 4.6: Simulation Results for a 500 µm wide Diaphragm 

 

4.2.3. Updated Constant Strain Rate Condition 

 

Since measured center displacement of the membrane is not the net deflection of the 

free standing film, the automation facility controlling the strain rate should be upgraded. 

For this purpose, some results from the previous sections should be reviewed together. 
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Initially, one should take into account the significant remark related to the substrate 

behavior. Rearranging the equation 4.2 substrate deflection can be represented in terms 

of variable pressure 

 

α

P
hs =  

 

In the elastic regime, pressure can be represented in terms of material constants, 

membrane geometry and film deflection. Factorizing equation 2.2 with 1/α, equation 4.3 

is given the following form: 
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The total measured deflection of the membrane ht is the sum of the substrate 

deflection hs and the net film deflection hf 

 

ht = hs + hf 

 

Finally, the equation 4.4 can be modified as a representation of the measurable 

parameter ht and the parameter of interest hf 
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Remember equation 2.7: The net film deflection hf should have square root time 

dependence in order to ensure a constant strain rate condition. Therefore, the valid 

constant strain rate behavior of the measured displacement signal should have a time 

dependency as in the following form: 

(4.3) 

(4.4) 

(4.5) 

(4.6) 
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This relationship does not guarantee to secure a constant strain rate behavior beyond 

the yield stress. Nonetheless, it is implemented to the main Labview routine till the 

piston stops its monotonic motion. This mechanism has been sufficient to determine the 

strain rate dependent yield strength of the gold membranes. In the implementation of the 

Labview routine, Young’s modulus (E=55 GPa), Poisson’s ratio (υ=0.425) and residual 

stress (σ0=130 MPa) are assumed approximated values referring to the previous elastic 

measurements and the literature. The simulation value 3.28
 
10

9 
Pa/m is assigned for α 

which shows to be an acceptable approximation for each measurement. Thickness d is 

taken 500
 
nm for each measurement. In addition to the invariable parameters, there are 

two control variables in the Labview model. The width of the membrane 2a and the 

strain rate c values should be assigned prior to testing. 

 

 

Figure 4.7: Strain vs. Time graph for a 320 µm wide diaphragm 

(4.7) 
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The accuracy of the approximated parameters is reflected to the consistent linear 

behavior in the resultant strain vs. time graph of a 320 µm wide diaphragm in figure 4.7. 

Notice that there is a slight deviation from the linearity towards the end of the curve 

where the material is in the plastic regime. 

 

4.3. Data Processing 

 

4.3.1. Filtering Raw Data 

 

Specular reflective sensing is a useful method to measure translational displacement 

in microscale. It requires a source of monochromatic light and a reflective surface. In 

the bulge test, a red laser is reflected at the center of a rectangular gold membrane. The 

geometry of the bulging membrane resembles a cylinder. The laser spot ideally falls 

upon along the vertical axis of that cylinder. However, 10-20 micron wide laser spot 

exceeds to the cylindrical arc scattering away from the reflective sensor. The scattering 

of the reflection produces deviations in the analog signal. Therefore, broad fluctuations 

in the displacement data occur such as the ones in figure 4.8. The inevitable fluctuations 

along with the low resolution ability of the sensor dramatically affect the quality of the 

measurements. After failing to vanquish the noise in the signal by employing additional 

hardware settings, a numerical tool is exploited to reduce the uncertainty in the received 

data. For this purpose, filtering modules of MATLAB is used.  

The filtering is merely applied along the displacement column of data without 

changing pressure value of the same indices. The number of data remains constant 

during each filtering operation. The basic functionality of filtering is the accumulation 

of the scattered points around a mean value. One can see the similarity in the trends of a 

raw data and its filtered version in figure 4.8. The blue region shows the scattered raw 

data in voltage form and the red line is the filtered version of it. The well identified 
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minimum of the filtered data allows one to normalize P vs. h graphs to the origin. Please 

see the Appendix for the MATLAB routine used for filtering. 

 

Figure 4.8: Pressure vs. Deflection Graph of the 320 µm wide Diaphragm 

 

4.3.2. Determination of Net Deflection 

 

The details related to the substrate deflection are discussed in section 4.2.2. One 

needs to subtract the substrate deflection from the measured deflection in order to 

retrieve the net displacement of the membrane.  There is a significant relation outlined 

in equation 4.3, which can be exploited to simplify the subtraction task. 

The linear proportionality constant α is measured for each experimental condition 

prior to the actual testing. The Labview routine provided for calibration is used for this 

purpose and the substrate behavior can be determined for various constant rates of piezo 

drive. Two sets of substrate deflection data is retrieved from the two distinct edges of 

the diaphragm. Slopes of the two corresponding sets of data are determined by linear 

curve fitting. The arithmetic mean of the two slopes gives the desired α value.  

The α value is recorded for the numerical subtraction. Then, the actual test is 

performed and the total displacement of the composite system is measured at the center 
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of the diaphragm. Finally, linearly varying substrate behavior is numerically subtracted 

from each filtered total displacement using the corresponding pressure data: 

 

α

P
hh tf −=  

 

Figure 4.9 shows the net deflection hf and total deflection ht curves of a 320 micron 

wide membrane loaded with 3
 
10

-5
 s

-1
 strain rate. 

 

 

Figure 4.9: Pressure vs. Net Deflection Graph of the 320 µm wide Diaphragm 

 

4.3.3. Stress vs. Strain Diagrams 

 

The net deflection-pressure data can be converted to stress vs. strain diagram using 

equation 2.4. Since the initial analytical model does not consist of residual strain ε0, the 

resultant graph looks like the one in figure 4.10 (i). If the curve is shifted along the 

strain axis, the complete stress vs. strain diagram resembles figure 4.10 (ii). 

(4.8) 
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Having the strain data, one can plot the strain vs. time graph (figure 4.7). The strain 

rate of the experiment can be determined applying linear fit to this graph. 

Approximately 5% of the initial and the final portion of the data are wasted due to broad 

fluctuations and filtering errors. Therefore these portions are excluded from the stress 

vs. strain graphs presented in the next chapter. 

 

 

Figure 4.10: (i) Measurable Diagram (ii) ε0 shifted-Ideal Diagram 
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Chapter 5 

 

RESULTS & DISCUSSION 

 

 

5.1. Overview 

 

There has been an increasing trend to inspect strain rate dependent mechanical 

properties of gold films. Emery et al. studied the tensile behavior of free standing gold 

films with coarse grained [40] and fine grained [41] structures. Evaporated gold with 

grain size of 400 nm and smaller showed strong rate dependent yield behavior while 

coarser grained material remained unaffected. In a similar study of Chasiotis et al. both 

evaporated and electrodeposited nanocrystalline gold films showed strain rate 

dependent plastic behavior [11]. Although constant strain rate loading case could not be 

accomplished, in a later study [42] the mechanical tests of evaporated gold films 

showed that the yield strength of nanocrystalline metal is highly rate dependent. Such a 

behavior has not been observed in bulk metals indicating that there might be a 

correlation between the grain size of a metal and the rate dependency of strength. 

The microstructure and mechanical behavior of metals varies due to dramatic 

changes in their film thickness [3]. As the grain size gets smaller typical Hall-Petch like 

strengthening behavior is observed in gold [41-43]. Below a certain grain size 

microfabricated gold can experience high temperature plastic recovery [12] and lower 

stiffness [23]. Furthermore, the interfacial effect can confide gold in certain 

crystallographic texture changing the effective elastic modulus [11, 43]. Table 5.1 

summarizes the results of some significant experimental efforts investigating the 

mechanical properties and material specifications of gold thin films. 
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Table 5.1: Properties of Gold 
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5.2. Elasticity Analysis 

 

There are two methods to determine elastic properties from bulge tests. One can 

apply least squares method to fit a cubic polynomial equation for the pressure-net 

deflection data. The properties of interest can be calculated from retrieved polynomial 

constants. In this method, the experimenter should avoid taking data beyond elastic 

region where the polynomial relation given by equation 2.1 loses its validity. Therefore, 

the membrane should not be loaded extensively. 

The second method relies on the determination of stress vs. strain diagrams. The 

details of computing stress and strain out of raw data were already discussed in chapter 

4. The slope of the initial linear region of the plotted diagram gives the plane strain 

modulus (E/(1-υ
2
)). Young’s modulus can be trivially retrieved from plane-strain 

modulus taking the Poisson’s ratio of gold films 0.425 [44]. 

In this study, Young’s modulus and residual stress of the gold diaphragms are 

measured 51.1
 
±

 
12.2 GPa and 134.8

 
±

 
35.2 MPa respectively. The results given in table 

5.2 are measured in various strain rate conditions between 10
-5

 and 10
-4

 s
-1

 range. 

Slower rates were not desired due to possible intervention of anelastic effects like grain 

boundary sliding [23]. Average Young’s modulus of the thin films is calculated lower 

than the Young’s modulus of bulk gold, i.e. 78 GPa. Such a difference was observed in 

similar studies [11, 42, 43] as well. The standard deviation in the elastic data is high 

because of the broad fluctuations effective especially at the inception of the 

measurements. Besides, in each elasticity and plasticity analysis, approximately first 

10% portions of the data are deleted in order to achieve more precise results. The 

overall accuracy of the final result can be explained via studying the X-ray diffraction 

analysis of the film. 

One can accurately estimate the Young’s modulus knowing the exact 

crystallographic texture and compliance properties of Au. As a final characterization 

step, X-ray diffraction experiments were performed on gold samples. The theoretical 

and the experimental X-ray diffraction spectrums are given in figures 5.1 and 5.2 
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respectively. There is extreme texture in 38
o
 and 82

o
 peaks which correspond to <111> 

and <222> directions respectively. This result is expectable since {111} plane family 

has the lowest surface energy of the available configurations in the Au crystal [45]. A 

remarkable study of Espinoza et al. [43] showed that <111> dominated anisotropic 

texture in gold thin films consistently exhibits 53-55 GPa Young’s modulus. Other 

studies offered an extensive variety of Young’s modulus values with larger uncertainty. 

All these results for diversely fabricated Au samples remain within 20-88 GPa range 

verifying that our result is physically acceptable. 

 

Table 5.2: Elasticity Measurements 

a 
[µm] 

E 
[GPa] 

σ0 
[MPa] 

180 54.0 95.8 

180 49.4 97.7 

180 55.8 92.0 

180 41.5 95.2 

180 61.7 69.2 

160 40.3 139.2 

240 46.1 188.7 

240 53.2 171.3 

240 77.9 154.0 

240 48.4 198.1 

240 35.3 124.6 

240 59.4 126.9 

240 61.7 124.3 

310 51.8 151.2 

310 62.3 146.0 

310 47.9 151.2 

300 29.3 159.3 

310 40.8 158.5 

300 28.3 190.3 

240 52.0 143.6 

240 74.2 115.4 

180 50.2 99.2 

160 40.3 82.2 

160 64.2 162.4 

Avg: 51.1 134.8 

Std: 12.2 35.2 
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Figure 5.1: Theoretical X-Ray diffraction pattern for Au 

 

 

Figure 5.2: Experimental X-Ray diffraction pattern for Au 

 

In the light of X-ray diffraction results, some other precious information regarding 

the microstructure of the sample can also be understood. For tested Au samples, the 

peak width is much wider in the experimental spectrum than in the theoretical one. 

There are various reasons for peak broadening such as the effect of experimental setup, 

dislocation activity, internal stresses and small grain size. Since plasticity in metals is 

dictated by dislocations, one can conclude that activated dislocations are highly 

abundant and their existence is effective on the final form of the X-ray results. 
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However, the current data is insufficient to have such a strict conclusion other than the 

actual crystalline texture. 

 

5.3. Plasticity Analysis 

 

Due to the limitations of the set-up, gold membranes could not be loaded till 

mechanical failure. The stress-strain graphs are plotted up to random points in the strain 

hardening region. Nonetheless, the effect of strain rate on yield strength of the samples 

is well understood. Figure 5.3 summarizes the significant conclusion of our analysis: Au 

thin films with sub-micron thickness exhibits strain-rate dependent yield behavior. 

There is an almost linear trend between the logarithm of the strain rate and the strength 

of the metal. This result has not been supported by further microstructural analyses, 

however it affirms that metals confined into small dimensions can have enhanced 

strength under higher-rate stimulus conditions.   

 

 

Figure 5.3: Strain Rate Dependent Yield Strength of Au 
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       Figure 5.4: Stress-Strain Diagrams 

 

Table 5.3 summarizes the results retrieved from the stress-strain diagrams. Yield 

stress is located at the inflection point of the stress-strain curve where transition from 

elastic region to plastic flow occurs. Despite the large fluctuations, yield points are 

easily detectable in the stress-strain diagrams. For the sake of easy perception, the 

experimental data in figures 5.4 are plotted with hypothetical red elastic lines. 

 

Table 5.3: Summary of Results 
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The strength of the sputtered gold samples varies between 105.6 and 237.8 MPa for 

all strain rate measurements. These values are compatible with literature. Espinosa et al. 

observed approximately 220 MPa strength for 500 nm thick evaporated gold cantilevers 

yielded at 6
 
10

-5
 s

-1
 strain rate [43]. This result fits well to the linear trend that is 

presented in figure 5.3. The strength of evaporated gold samples presented by Chasiotis 

et al. [11], Wang et al. [42] and Emery et al. [40, 41] are 40-200 MPa higher than the 

ones in table 5.3. On the other hand, in Ref.12, sputtered nanocrystalline gold sample 

tested at 1
 
10

-4
 s

-1
 strain rate exhibited 70 MPa yield strength which overestimates our 

findings. The results we present for the sputtered gold is highly in corporation with the 

ones in literature. 

 

5.4. Conclusion & Future Work 

 

Bulge test has been proved to be capable of achieving various tasks in mechanical 

characterization of small structures so far. The literature related to this technique is still 

in extension. The scientific contribution of this project is on a bulge test affiliated issue 

that has been studied by other characterization techniques. The strain rate dependent 

mechanical behavior of sub-micron thickness gold membranes has been investigated. 

The previous studies on the same subject served a great opportunity to review the 

success of the current study. Both elasticity and plasticity results exhibits a consistent 

manner with the published research efforts. The overall performance of the technique on 

facilitating a solution to the strain rate control problem is satisfactory; however, there 

are two significant issues still demanding improvement. The resolution of the laser 

sensor is insufficient to study nano-scale bulging motion. The displacement sensor 

should be upgraded in order to achieve higher certainty in final results. The size of the 

diaphragms should be extended protecting the high aspect ratio of the rectangles. Thus, 

the amount of displacement attained by the motion of diaphragms shall increase healing 

the relative resolution of the measurements. The increment in the measurable 

displacement and the size of the diaphragms may decrease the maximum attainable 
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pressure. Such a trade-off decreases the odds to observe the complete mechanical 

behavior of diaphragms. Hence, the isolation of the closed fluid chamber becomes more 

critical. The size of the fluid chamber can be required to decrease as well. In addition to 

the design modifications, a thicker substrate can be desired to diminish the effect of 

substrate deflection. Although, the substrate deflection issue has been solved in this 

study, its vacancy will simplify the whole experimental procedure. 
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MATLAB CODE: DATA FILTERING  

 

 

clc 

clear all 

close all 

 

A = load('yielde-4.txt'); 

P = A(:,1); 

x1 = A(:,2); 

 

R  = 0.01; 

wn = 0.0015; 

 

[a,b]= cheby1(2,R,wn); 

xfe1 = filtfilt(a,b,x1); 

 

plot(x1,p,'*') 

hold on 

plot(xfe1,p,'r') 

xlabel('Deflection [Volt]') 

ylabel('Pressure [Volt]') 

 

p_min = min(p); 

p = p-p_min; 

fid = fopen('p.txt','wt'); 

fprintf(fid,'%4.3f\n',p); 

fclose(fid); 

 

d_min = min(xfe1); 

xfe1 = xfe1-d_min; 

fid = fopen('d.txt','wt'); 

fprintf(fid,'%7.6f\n',xfe1); 

fclose(fid); 
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