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Abstract 

This study investigates the mechanical properties of polycrystalline copper micro-cantilevers. To 

accomplish this, the grain size of the polycrystalline copper samples was reduced using equal channel 

angular pressing (ECAP) so that the average grain size was comparable to the cantilever thickness. Utilizing 

electron backscatter diffraction (EBSD), a final average grain size was determined to be 2.22µm after 8 

ECAP passes. Cantilever beams with an average thickness ranging from 4.19µm to 0.97µm were fabricated 

using focused ion beam (FIB) micromachining. A series of indention tests were performed on these 

cantilevers using an atomic force microscope (AFM), allowing for an experimental determination of 

cantilever stiffness. These experimental results were compared to classical theory through the use of the 

commercial finite element analysis (FEA) software, ANSYS. This comparison showed that the stiffness of 

the micro cantilevers followed classical theory within the bounds of experimental error for the geometries 

analyzed. 
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1 Introduction 

Micro-Electro-Mechanical systems (MEMS) are prevalent in modern society and MEMS devices 

are all around us. They are in things such as computers, phones, and ‘smart’ devices. MEMS microchips 

and sensors make devices smaller, run faster, and increase functionality. The recent adoption of these 

types of systems in the consumer market has prompted the investigation of material properties at small 

length scales. The push to further miniaturize components and devices has led to the discovery that 

material properties deviate from classical predictions at sufficiently small length scales. There are various 

theories that have attempted to model these deviations (Mindlin and Tiersten 1962, Mindlin 1964, Toupin 

1964, Chen and Wang 2001, Yang, Chong et al. 2002, Lazar, Maugin et al. 2005, Hadjesfandiari and 

Dargush 2011). The verification of these theories through experimental data is a vital research topic, as 

they will aid in the development of MEMS systems by determining the parameters that exist in these 

models. The experimental determination of a materials mechanical properties in the micro and nanoscale 

regime will help to further the development of MEMS devices. 

1.1 Equipment used in Micromechanical Studies 

The development of numerous high-resolution research systems in recent decades has enabled 

experimental studies in micromechanics. One such system is the scanning electron microscope (SEM). This 

type of microscope uses backscattered electrons for imaging with nanometer scale resolution. This has 

allowed researchers to view structures significantly smaller than what is possible with a light microscope. 

Focused ion beam (FIB) has been introduced as a way to create microscale structures. FIB uses accelerated 

ions to physically remove material from a sample surface by forcibly ejecting atoms from their crystal 

lattice. FIB can also be used for imaging by utilizing secondary electrons and ions to form an image. One 

last system typically used in micromechanical studies in the atomic force microscope (AFM). The AFM is a 

measurement device with sub-nanometer resolution where a sharp probe is scanned over a sample 
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surface to determine variations in topography. The topography can be mapped by using a laser 

interferometer to track the movements of the probe as it scans the sample surface. The AFM can also be 

used for indentation studies to determine the bending behavior of microstructures. The creation of these 

systems has facilitated many of the micromechanical studies in the ensuing sections. 

1.2 Elastic Bending Properties 

The elastic properties of micro-materials have been studied using bending methods, often 

utilizing nano indention via atomic force microscopy. Armstrong et al. used a focused ion beam (FIB) to 

machine micro cantilevers out of single crystal copper (Armstrong, Wilkinson et al. 2009). AFM indentation 

was used to determine the cantilevers young’s modulus and the values corresponded to those found in 

bulk copper for cantilevers of the dimensions 30 µm by 3 µm by 4 µm. Salvetat et al. used atomic force 

microscopy to study the elastic and shear behavior of carbon nanotubes (Salvetat, Briggs et al. 1999). They 

found an unexpectedly low shear stiffness when compared to multiwalled nanotubes. Lu and Song used 

a torsion technique to study the response of micro-diameter wires from 16 µm to 180 µm (Lu and Song 

2011). No size effects were reported in these experiments. This method was later expanded upon but no 

size effects were found for wires ranging in diameter from 12 µm to 10 µm (Song and Lu 2015). 

Nanoporous gold has been studied using a buckling-based method (Mathur and Erlebacher 2007). The 

elastic modulus was shown to increase dramatically as the porosity (and resulting ligament size) decreased 

from 40nm to 3nm. 

Bending methods have also been used to study plastic behavior on the microscale. The fracture 

toughness of brittle coatings was studied by creating micro cantilevers out of silicon; no size effect was 

reported with 10 µm thick samples (Di Maio and Roberts 2005). Motz et al. found that the flow stress of 

micro cantilevers fabricated with FIB increased from 250 to 1000 MPa as the thickness was reduced from 

7.5 to 1 µm (Motz, Schöberl et al. 2005, Kiener, Motz et al. 2006). 
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1.3 Elastic Dynamic Response 

The elastic properties of micro cantilevers have also been studied using thermal and resonant 

frequency methods. A resonant contact method was used to study the elastic modulus, stiffness, and 

tensile modulus of polymer nanotubes (Cuenot, FréTigny et al. 2003). This work showed agreement with 

classical theory with diameters from 30nm to 250nm. Conversely, In an early work by Poncharal et al., 

carbon nanotubes were excited at their fundamental frequency and the elastic bending modulus was 

found to decrease rapidly as the diameter increased from 8nm to 40nm (Poncharal 1999). Lei et al. studied 

elasticity in nickel cantilevers (Lei, He et al. 2016). Results showed that the dimensionless natural 

frequency increased by 2.1 times as the beam thickness decreased from 15 µm to 2.1 µm. Treacy et al. 

used the intrinsic thermal vibration of carbon nanotubes to calculate their Young’s modulus (Treacy, 

Ebbesen et al. 1996). An extremely high modulus was reported in the terapascal range. An electrically 

induced resonance method was used by Chen et al. to study the elastic modulus of ZnO nanowires (Chen, 

Shi et al. 2006). This study showed that the elastic modulus increased as the wire diameter decreased 

below 120nm. 

1.4 Plastic Compression Properties 

Size dependent plastic behavior has been observed in microstructures. Uniaxial compression tests 

on gold cylinders created using FIB show that the flow stress increases as the diameter decreases (Greer 

and Nix 2005, Volkert, Lilleodden et al. 2006). Microbending and micro-compression tests were performed 

on single crystal copper, showing a strong size effect in the flow stress with decreasing size (Kiener, Motz 

et al. 2006). Zr-based metallic glass pillars fabricated via FIB showed an increase in yield strength as the 

diameter decreased from 3.8 µm to 0.7 µm (Lai, Lee et al. 2008). FIB manufactured aluminum has been 

shown to demonstrate a size effect when analyzed with a compression method (Ng and Ngan 2008).A 

microscale uniaxial compression test was used to show a size effect in the yield stress of nickel (Uchic 
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2004). This was later expanded upon with FIB microfabricated nickel columns. A transition from bulk to 

size affected behavior was shown to occur around 5 µm (Uchic and Dimiduk 2005). Frick et al. produced 

FIB fabricated micro pillars, showing an increase in yield stress and work hardening as the diameter 

decreased from 25 µm to 200 nm (Frick, Clark et al. 2008). Molybdenum micropillars in uniaxial 

compression have shown an increase in yield strength as size decreases (Kim and Greer 2008). The fracture 

strain of Cu foils was shown to increase as the thickness decreased from 250 µm to 2 µm (Klein, Hadrboletz 

et al. 2001). Size effects have also been shown in PDMS when the membrane thickness is below 200 µm, 

showing that size dependence is not exclusive to metals (Liu, Sun et al. 2009). In one last example, 

microcrystals of LiF ranging from 1 µm to 20 µm were fabricated using FIB and showed size dependent 

plastic flow behavior (Nadgorny, Dimiduk et al. 2008) 

1.5 Copper Size Dependence 

Most recently, single crystal copper microbeams were investigated. These beams were 

manufactured using focused ion beam (FIB) milling and had thicknesses ranging from 5.41 µm to 0.74 µm 

(Zhang 2019). Indentation tests were then performed using atomic force microscopy (AFM). This study 

concluded that the size dependent stiffness of single crystal copper microbeams increases dramatically 

when the beam thickness decreases to below approximately 1 µm. The present study expands upon this 

work to see if a similar stiffening occurs in polycrystalline copper. 

While experimental evidence has shown size dependence in polycrystalline copper, the source of 

this size dependence is still unknown. This study will attempt to demonstrate if crystalline grains are a 

contributor to the size effect. Grain size could have an influence on whether or not a size effect occurs, or 

at what grain sizes a size effect is most pronounced. 

Copper has been chosen for this study for multiple reasons. One is that copper is widely used as 

a conductor in MEMS devices. There is a need to demonstrate the properties of copper at small length 
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scales since it is an important material for the further miniaturization of MEMS devices. Copper is also 

soft, allowing it to be easily processed by methods discussed later in this work such as equal channel 

angular pressing and focused ion beam micromachining. Copper is one of the most important industrial 

metals due to its electrical, thermal, and structural properties making it a relevant material to study. 

1.6 Size Dependent Theories 

There have been numerous size dependent theories that have been developed to describe 

mechanical behavior at small length scales. There is a limited agreement in these theories, and while this 

work will not attempt to validate any particular model, it will attempt to demonstrate the presence of 

some size effects in polycrystalline copper. Classical theory predicts that material properties are constant, 

regardless of size. Non-classical theories predict material properties that depend on size (Mindlin and 

Tiersten 1962, Mindlin 1964, Toupin 1964, Chen and Wang 2001, Yang, Chong et al. 2002, Lazar, Maugin 

et al. 2005, Hadjesfandiari and Dargush 2011). Furthermore, there has been experimental evidence that 

shows size dependence of these properties. This work will show if a materials grain structure will have 

any effect on its mechanical properties at small length scales by comparing experimental results to 

classical theory. 

1.7 Experimental Organization 

This study will first explain methods to create a grain structure suitable for micromechanical 

studies. Typical polycrystalline copper has a grain size that is comparable to the length and width of the 

microbeams. Grain refinement is necessary so that the mechanical behavior of the fabricated microbeams 

is not dominated by any single grain. Chapter 2 discusses work hardening and recrystallization, a 

traditional method of grain refinement and material strengthening. It is demonstrated that work 

hardening and recrystallization is not sufficient to create a grain structure small enough to achieve linear 

isotropic behavior in copper microbeams. Chapter 3 delves into an alternate method of grain refinement, 
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equal channel angular pressing (ECAP). ECAP was used as the method for grain refinement in this study 

and chapter 3 discusses how this grain refinement is achieved. The grains that resulted from ECAP were 

difficult to view using traditional metallographic etching techniques. Chapter 4 presents electron 

backscatter diffraction (EBSD), an alternative method to view the grain structure of a material. EBSD was 

used to determine the average grain size in the present study, and the basic concepts and the 

experimental results are discussed in this chapter. After a sufficiently sized grain structure was confirmed, 

focused ion beam micromachining was used to create microbeams. Chapter 5 discusses the basic concepts 

of FIB, the FIB milling procedure, and the sample dimensions of the machined microbeams. To determine 

the stiffness of these microbeams, atomic force microscopy (AFM) indentation was utilized. Chapter 6 

discusses the working principles of AFM, along with calibration procedures, and indentation test setup. 

To compare the AFM results to classical theory, finite element analysis (FEA) using the commercial 

software ANSYS is introduced in chapter 7. FEA is briefly discussed and the experimental results from AFM 

and the simulated classical results from ANSYS are compared. This chapter also analyzes the error that 

was present during the various stages of this study and compares the AFM results to classical theory with 

experimental error. Lastly, chapter 8 consists of a discussion of conclusions and future work. 

2 Principles of Grain Refinement 

Unprocessed copper has a grain structure containing a variety of different size grains. It is typical 

for a commercially hardened copper (as used in this study) to have an average grain size around 10µm 

with some grains that are larger than 50µm. Annealed copper can have an average grain size that is even 

larger. The proposed dimensions of the micro beams in the present study are generally less than a single 

grain of copper. To study the influence of grain size on micro beams, the grains must be smaller than the 

beams themselves, otherwise, the beam will effectively be made from a single crystal of material and no 

grain effects will be measured. To effectively study the effect of grain size on micromechanical behavior, 
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grain refinement must be performed. Traditionally, grain refinement has been achieved using a work 

hardening and recrystallization technique, however, the achievable amount of refinement using this 

technique is limited. This has caused researchers to develop severe plastic deformation (SPD) techniques 

to achieve a large amount of grain refinement. 

2.1 Work Hardening and Recrystallization 

Work hardening (also called cold working or strain hardening) is the strengthening of metal 

through plastic deformation below its recrystallization temperature. Work hardening can also be used as 

a method of grain refinement (Ahmad, Karim et al. 2014). The amount of plastic deformation that occurs 

can be quantified using equation 1 (Lai, Lee et al. 2008, Callister and Rethwisch 2014). 

𝐴0 − 𝐴𝑑 
%𝐶𝑊 = ( ) ∗ 100 1 

𝐴0 

Where 𝐴0 is the original cross sectional area and 𝐴𝑑 is the cross sectional area after deformation. 

A materials ability to plastically deform is governed by dislocation mobility. As a material is 

plastically deformed, the dislocation density increases. A dislocation is a line defect in the crystal lattice. 

As a material is deformed, the crystal lattice can move as a result of shear stress. This deformation can 

move atoms out of position in the crystal lattice forming dislocations. As the dislocation density increases, 

a resistance to dislocation motion develops since dislocation-dislocation strain interactions are repulsive 

(Callister and Rethwisch 2014). Since dislocations generally prefer to be apart, more energy is required to 

create dislocation motion in materials with a higher dislocation density due to a reduction in mobility with 

increased packing density. This effect expresses itself as a resistance to plastic deformation and thus, 

hardens the metal. 

Work hardening increases the number of defects, causing an increase in the overall lattice strain. 

This effect is used to strengthen metals. This process also has some negative consequences. One being a 
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loss of ductility. Metals generally become more brittle as cold work increases due to the previously 

described resistance to plastic deformation. The thermal and electrical conductivity of the material also 

tends to decrease as cold work increases due to decreased electron mobility with increased dislocation 

density. Many cold working processes, such as rolling, cause the grain structure to become elongated. 

Elongated grains are undesirable as they can introduce anisotropic material properties (Callister and 

Rethwisch 2014). 

The increase in strength and hardness can be beneficial, but it is often desirable to return the 

metal to its pre-cold worked state, which can be accomplished by annealing the material. This heat 

treatment can be broken down into three stages: recovery, recrystallization, and grain growth. 

Recovery is a process of reducing the overall strain energy generated from working the material, 

allowing for the return of some pre-worked physical properties such as electrical and thermal 

conductivities (Callister and Rethwisch 2014). If a specimen is left at an elevated temperature, some of 

the internal strain energy can be relieved by increased dislocation mobility at these elevated 

temperatures. During this time, some of the dislocations are annihilated or reconfigure into structures 

with lower strain energies. Dislocations contribute to the overall internal energy of a material since each 

defect is associated with a strain field (Raabe 2014). If the temperature is increased to about 0.3-0.5 times 

the absolute melting point, the dislocations are allowed to move. Dislocations annihilate when two of 

opposite sign meet and cancel out. Very high amounts of dislocations can result in lower recovery 

temperature since an increased packing density increases the probability that dislocations will meet and 

annihilate. The self-ordering tendency of dislocations results in a low angle sub grain texture. As recovery 

continues, annihilation continues and competitive sub grain growth takes place (Humphreys 1997). This 

process overlaps with recrystallization where new strain free grains begin to form. The defects annihilate 

and restructure to lower the overall lattice strain. 
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Recrystallization is described as a process where new strain-free grains begin to form in the 

previously plastic deformed material. Following recovery, there is still a great deal of strain energy stored 

in the material that serves as the driving force for the recrystallization process. Recrystallization is driven 

by a differential in internal energy between strained and unstrained material. This is a short-range 

diffusion process where the new grains begin small (relative to the existing grains) and grow until the old 

grains are completely consumed (Humphreys 1997, Callister and Rethwisch 2014, Raabe 2014). 

Recrystallization usually occurs at one third to one half of the absolute melting temperature of the 

material, however, the recrystallization temperature is traditionally defined as the temperature necessary 

for the material to fully recrystallize in one hour (Callister and Rethwisch 2014). As cold work increases, 

the temperature needed for recrystallization to occur decreases until reaching a constant value where the 

material becomes saturated with dislocations. There is also a limiting value of cold work, below which 

recrystallization will not occur at any temperature. Below this value of cold work there is not enough 

internal energy to drive the recrystallization process. The amount of recrystallization that occurs is a 

function of cold work, temperature, and time. 

Recrystallization is followed by grain growth. The new grains will continue to grow due to the 

shifting of grain boundaries. The boundary motion is a diffusion-based process where atoms move across 

the grain boundaries based on differences in internal energy (Callister and Rethwisch 2014). Atoms from 

one grain will migrate across the boundary and contribute to the growing grain. In this way, not all grains 

grow. Some grains grow at the expense of smaller grains as their atoms are transferred across the grain 

boundaries, reducing their size and leading to eventual annihilation the smaller grains. This process is 

driven by the amount Gibbs free energy in the material. Grain growth lowers the number of grain 

boundaries, which in turn, lowers the internal energy of the material. The grains will continue to grow 

according to the relationship in equation 2. 

𝑛 𝑑𝑛 − 𝑑0 = 𝐾𝑡 2 
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Where d is the grain diameter, d0 is the initial grain diameter, t is the time allotted, K is a time 

independent variable, and n is a time independent variable with a value generally greater than 2 (Callister 

and Rethwisch 2014). 

Based on this process, it is possible to achieve some reduction in average grain size. When the 

recrystallization process begins, the new grains begin small and grow according to how long they are left 

at elevated temperatures. If recrystallization is stopped when the new grains are just beginning to form, 

there will be an apparent reduction in average grain size. There is, however, a lower practical limit to this 

based on the amount of cold work that can be done with traditional process and the speed of 

recrystallization and grain growth (Valiev and Langdon 2006). To achieve homogeneous ultra-fine grains 

(less than 1 micron) the percent cold work needs to be extremely high to create enough of a driving force 

for these small grains to form. Reaching extremely high amounts of cold work also brings about extremely 

large reductions in area. Often it is not practical to reach this level of cold work because the pre-worked 

material will have to be extremely thick or else the worked material will be extremely thin (Schino, 

Salvatori et al. 2002, Chang, Wang et al. 2003, Di Schino and Kenny 2003). 

Furthermore, as cold work increases, the recrystallization temperature and amount of time for 

recrystallization to occur changes (Callister and Rethwisch 2014). More cold work introduces more lattice 

strain. Increased lattice strain leads to a decrease in the amount of outside energy that is needed to 

initiate recrystallization, leading to lower temperatures. It begins to be very difficult to control the grain 

size because the extremely high driving force from the working process results in a faster onset of grain 

growth (Humphreys 1997). Studies have shown that the lower limit of grain size based on a traditional 

cold working process is about 2 microns (Valiev and Langdon 2006). Preliminary experiments showed that 

cold-rolling would be an unsuitable avenue for obtaining a finer grain size. Chapter 3 will discuss an 

alternative method for grain refinement, equal channel angular pressing. 
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3 Equal Channel Angular Pressing (ECAP) 

The present study requires a small and homogeneous grain structure so that cantilever 

microbeams can be modeled using isotropic material properties. If the grain structure is not sufficiently 

small, the specific size and orientation of each grain would have to be evaluated to create an accurate 

model, leading to a large amount of computational complexity. The approximate target beam dimensions 

for this study are: 65µmx15µmx4µm, 110µmx25µmx5µm, 35µmx12µmx1.5µm, and 40µmx20µmx1µm. 

The necessary grain size is dependent on the size of the cantilevers used but In general, smaller grain sizes 

will lead to more agreement with isotropic behavior. This study was successful in reducing the grain size 

to a point where multiple grains are present along the length and width of the cantilever beams, however, 

in the future it may be necessary to further reduce the grain size so that multiple grains are present 

through the thickness as well. Since work hardening and recrystallization was not sufficient to achieve the 

desired grain size, more advanced techniques were needed. 

3.1 Alternative Methods for Grain Refinement 

Generally, there are two approaches to making ultrafine-grained (UFG) materials. This includes 

top down and bottom up methods (Estrin and Vinogradov 2013). Bottom up approaches rely on building 

up a material by assembling individual layers or atoms, whereas top down approaches process a bulk solid 

in such a way that the grain structure can be refined. Bottom up methods have the capability to create a 

finely controlled crystal structure but are limited by contamination, cost, and processing speed. While top 

down methods are not as controllable, the sample sizes can be much larger, they can be applied to a wider 

range of metals, and avoid contamination. The development of these methods was driven by the desire 

to create materials with superior mechanical and physical properties through grain size reduction. 

11 



 
 

      

        

          

              

          

     

   

          

           

          

         

  

  

            

           

 

             

               

       

          

-

Severe plastic deformation (SPD) techniques are top down approaches that have the capability to 

create UFG materials. There are numerous SPD techniques but among the most common are equal 

channel angular pressing (ECAP), high pressure torsion (HPT), accumulative roll bonding (ARB), and multi-

axial forging (Estrin and Vinogradov 2013). ECAP was chosen for the present study due to the fixtures 

relative ease of fabrication, university access to a hydraulic press, and its superior ability to create 

homogeneous UFG materials. 

3.2 ECAP Background 

Equal channel angular pressing (ECAP) is a top down method for the fabrication of ultra-fine 

grained (structures with grain sizes less than ~1 micron) metals (Valiev and Langdon 2006). Since grain 

size has a significant role in the mechanical properties, as shown by the Hall-Petch equation, ECAP has 

become a dominate method to refine the grains in metallic structures. The Hall-Petch equation is given 

by 

1 
𝜎𝑦 = 𝜎0 + 𝑘𝑦𝑑−

2 3 

Where 𝜎𝑦 is the yield stress, 𝜎0 is the friction stress, 𝑘𝑦 is a yielding constant, and d is the grain size 

(Azushima, Kopp et al. 2008). From this equation, it becomes clear that strength increases as grain size 

decreases. 

The general process of ECAP includes a billet being pressed through an internal channel with an 

abrupt angle, usually 90 degrees as shown in Figure 1. The channel angle is given by 𝜙 and the arc of 

curvature where the channels intersect is given by 𝜓 (Valiev and Langdon 2006). The sample is machined 

to fit into the channel where a (hydraulic) press forces a plunger down on the sample, causing the material 
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to flow through the channel and eventually, around an abrupt corner. This process imposes simple shear 

and a large amount of strain on the material. 

Figure 1 - ECAP die schematic 

Multiple passes are needed in order to achieve a fine grained material. There are 4 different 

routes that are usually used during ECAP processing. Route A does not rotate the sample, route BA uses 

alternate rotations of 90 degrees, route Bc rotates the sample 90 degrees in the same direction, and route 

C rotates the sample by 180 degrees between passes. 

In any top down grain refinement method, very high strain is needed to produce a high dislocation 

density. These dislocations can then reorganize to form a finer grain structure. After the first pass, the 

dislocations reorganize into low-angle sub-grain boundaries directed along the shearing plane (Valiev and 

Langdon 2006). The microstructure continues to be aligned with shearing patterns until an equivalent 

imposed strain reaches approximately 4. When this occurs, the sub grain boundaries begin to change into 

high angle grain boundaries (boundaries with misorientation angles above 15 degrees). As the number of 
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passes increases and equivalent strain increases above ~4, the sub grain structure continues to evolve, 

creating an equiaxed UFG material. In summary, after one or two passes dislocations reorganize to create 

banded sub grains along the shearing plane. As the number of passes increases, the banded sub grains 

reconfigure into a more homogeneous high angle structure. ECAP has become a method of severe plastic 

deformation where extremely high strains are imposed at ambient temperature without significant 

change in the dimensions of the material. These high strains can cause the grain structure to reconfigure, 

creating a UFG material in which the grains continue to decrease in size as the number of passes increases. 

3.3 ECAP Die 

Special care is needed in the construction of the ECAP die. Split dies can be constructed by 

machining a piece of material with a square channel and bolting it onto a separate, highly polished piece 

of material to create an internal channel. The downside to this method is that some material will be lost 

as slivers between die sections and the bolts need to be tightened between each pass or loosened to 

remove the material. Typically split dies will incorporate an outer arc of curvature of 𝜓=0. Alternatively, a 

die can be created by drilling opposing holes in a solid piece of material to create a one-piece die. Due to 

the machining characteristics, these dies are limited to cylindrical samples and will always incorporate 

some arc of curvature, that is, 𝜓>0. 
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3.4 Parameters during ECAP 

The main parameters in ECAP are the strain imposed in each pass and the slip systems that are 

activated from the different shearing patterns. The amount of shear strain, 𝛾, imposed in each pass 

through an ECAP die where 𝜓=0 is given by 

𝜙 
𝛾 = 2 cot ( ) 4 

2 

When 𝜓 = 𝜋 − 𝜙 

𝛾 = 𝜓 5 

And when 𝜓 is some value between 𝜓 = 0 and 𝜓 = 𝜋 − 𝜙 there is a general solution where 

𝜙 𝜓 𝜙 𝜓 
𝛾 = 2 cot ( + ) + 𝜓𝑐𝑜𝑠𝑒𝑐 ( + ) 6 

2 2 2 2 

After N passes, the equivalent strain can be expressed as 

𝑁 𝜙 𝜓 𝜙 𝜓 
휀𝑁 = [2 cot ( + ) + 𝜓𝑐𝑜𝑠𝑒𝑐 ( + )] 

√3 2 2 2 2 

In a general case, only the channel angle, outer arc of curvature and number of passes effect the 

equivalent strain within the material. 

3.5 ECAP Experimental Influences 

Beyond the factors associated with the ECAP die, such as channel angle, outer arc of curvature 

and number of passes, there are also a variety of experimental influences that effect the processing ability 

of the specimen. These can include pressing speed (force), temperature, and back pressure. These all have 

a significant impact on grain size, homogeneity, and billet deformation. 

7 
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The most significant influence is the die channel angle. It has the largest impact on the strain 

imposed on the sample. The higher the channel angle, the less strain that will be imposed. Typically, a 

channel angle of 90° is chosen to balance processing with imposed strain. Channel angles less than 90° 

will impart more strain but also require high amounts of pressing force and often lead to deformed billets. 

Channel angles greater than 90° are significantly easier to process but more passes are required to achieve 

the same strain. Nakashima et el ran an experiment with die channel angles of 90°, 112.5°, 135°, and 

157.5° to determine the influence of channel angle (Nakashima, Horita et al. 1998). The number of passes 

was calculated for each channel angle using equation 6 to achieve a strain of about 4. The results showed 

that a channel angle of 90° created the most regular grain structure with higher channels angles producing 

more irregular, less equitaxed structures with lower misorientation angles. 

The internal channel angle, 𝜓, can also effect the strain imposed on the sample. Typically, this 

effect is small and its main impact is in grain homogeneity. Studies have shown that smaller arcs of 

curvature result in slightly more homogeneous grains. A study on pure aluminum showed that there is 

very little difference between an internal channel angle of 𝜓 = 0° and 𝜓 = 20° (Xu and Langdon 2007). 

After the first pass, the grains become inhomogeneous with the lowest hardness near the bottom of the 

sample. Homogeneity increases as the number of passes increases and good homogeneity can typically 

be achieved after ~4 passes. Typically arcs of curvature are designed to be less than 20 degrees but any 

negative effects are small and only relevant if extremely high amounts of homogeneity are required. 

Pressing speed also has an influence on the homogeneity of the grain structure. The pressing 

speed has very little effect on the achievable grain size but recovery occurs more easily at slow pressing 

speeds so a more equilibrated microstructure can occur. One study pressed Al-1%Mg at speeds ranging 

from 10mm-2 to 10mm-1 (Berbon, Furukawa et al. 1999). This study showed no significant difference in 

grain sizes between pressing speeds. Furthermore, the yield strength showed very little difference 

between different pressing speeds. This shows that pressing speed is relatively insignificant, however, 
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faster pressing speeds can have a tendency to cause internal heating in the sample. During high numbers 

of passes, this internal heating can lead to recovery and grain growth, ultimately resulting in a larger 

average grain size (Yamaguchi, Horita et al. 1999). Slower pressing speeds should be used if the maximum 

amount of grain refinement is required. 

Since an ECAP die is metal, it can be readily heated. This can be beneficial since it will make the 

sample flow more readily through the die, however, it can also effect the final grain size produced. High 

pressing temperature has a tendency to create larger grains because recovery and grain growth can more 

readily occur. If the maximum amount of grain refinement is not required, increased temperatures are a 

good way to ensure the billet does not crack during processing. An experiment utilizing aluminum alloys 

at temperatures ranging from room temperature to 573 K showed that higher pressing temperatures lead 

to an increased grain size as well as the production of low-angle grain boundaries (Yamashita, Yamaguchi 

et al. 2000). 

Applying back pressure to the ECAP die channel has also been used to ensure the billet stays 

uniform and avoids cracking. The more passes the samples undertakes through the ECAP die, the higher 

the chances cracking will occur. After a high amount of passes the cracking can get so bad the material 

begins to fall apart which makes it impossible to process. A `study on the influence of backpressure on the 

processing of copper samples with ECAP showed that back pressure of 300 MPa allowed an increase in 

passes from 13 to 16 without cracking (Valiev, Alexandrov et al. 2002). Backpressure also has the added 

benefit of forcing the billet into the “dead zone” that usually exists on the outer edge of the channel 

corner. This ensures that all sides of the sample billet are processed evenly. Lastly, the presence of back 

pressure has been shown to cause a small reduction in grain size when compared to processes without 

back pressure (Valiev and Langdon 2006). 
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3.6 ECAP as a Method for the Grain Refinement of Copper 

ECAP has been used extensively on copper samples due to its relative ease of processing 

(Molodova, Gottstein et al. 2007, Blum, Dvořák et al. 2014, Han, Goto et al. 2014, Král, Dvořák et al. 2016, 

Alawadhi, Sabbaghianrad et al. 2017, Ebrahimi and Gode 2017, Ramesh Maganti and Nagaja Kumar 2017). 

To be readily processed with ECAP, a sample should be soft and ductile, making copper a desirable 

specimen. 

Ebrahimi et al. showed that the mechanical properties of copper processed by ECAP are greatly 

altered (Ebrahimi and Gode 2017). They show that the billets exhibit higher strength but decreased 

ductility and formability. Negatively, after the first pass, the copper gets more difficult to process due to 

strain hardening but the formability is gradually increased with subsequent passes. Another study showed 

that the tensile strength of copper processed with ECAP increased to 420 MPa from 210MPa (Han, Goto 

et al. 2014). Additionally, they discovered that ECAP processed copper exhibited an unexpectedly low 

fatigue strength. Even though the strength doubled, the fatigue strength did not. This is attributed to the 

dynamic grain growth associated with the refinement process which is believed to create an increase in 

fatigue damage accumulation and a subsequent decreased resistance to fatigue. The process also causes 

an increase in the hardness of copper due to grain deformation and strain hardening (Ramesh Maganti 

and Nagaja Kumar 2017). The thermal properties of copper deformed by ECAP have also been shown to 

change (Molodova, Gottstein et al. 2007). They showed that thermal stability and activation energy both 

decrease with increasing number of passes which is likely the result of improved nucleation conditions. 

A study by Alawadhi et. Al showed that recovery occurs in copper samples after an equivalent 

strain of ~12 is reached (Alawadhi, Sabbaghianrad et al. 2017). Their results showed that initially, crystal 

size (grain size) decreased and dislocation density increased, however, after a certain number of passes 

(~24) crystal size began to increase and dislocation density began to decrease indicating the occurrence 
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of recovery. They also showed that this recovery mechanism improved the plastic elongation properties 

of the sample by increasing the crystal size and reducing dislocation density in the presence of high angle 

grain boundaries. It is important to note that they used a channel angle of 110° so much higher pass 

numbers can be achieved without cracking. They showed that regardless of the number of passes, an 

equivalent strain of ~12 is needed for recovery to occur in high purity copper. 

A study by Blum et. Al showed that the creep properties of copper following ECAP were different 

than that of as cast copper alloys (Blum, Dvořák et al. 2014). In this experiment, they pressed copper 

samples at room temp followed by annealing at 473k so create a final grain size of around 2 µm. The 

density of high angle grain boundaries from this process resulted in a balance where dislocations would 

be annihilated at approximately the same rate they are created. Similar to the work done by Alawadhi, 

they showed that this caused the sample had improved elongation properties. They showed that this 

process creates a ductile material that has improved creep resistance and a fracture strain of about 0.5. 

Similar results were also achieved later by Kral et. al (Král, Dvořák et al. 2016). 

To help predict the grain size and dislocation density following ECAP, several analytical and 

computer aided tools have been developed. Recently Bratov et. al compared three dislocation density 

models and experimental results (Bratov and Borodin 2015). They showed that dislocation density from 

severe plastic deformation can be accurately predicted. They also showed a proposal for a semi-classical 

approach that combines numerical and experimental methods to predict dynamic recrystallization in 

severely plastic deformed samples. Texture has also been analyzed via FEM by Deng et. al using a crystal 

plasticity model (Deng, Lu et al. 2012). This simulation showed a clear relationship between friction at the 

walls of the die and the inhomogeneous nature of the surface of the sample. There have also been various 

other attempts to analytically model the ECAP process (Valiev and Langdon 2006). 
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To further improve the properties generated from ECAP, cold rolling has been employed during 

post processing (Ranjbar Bahadori, Dehghani et al. 2013). It has been demonstrated that cold rolling 

following ECAP further reduces the grain size as a result of increased strain within the sample. 

Furthermore, the strength and ductility of the sample increased significantly. The strength was increased 

by a reduction in grain size while the ductility was increased by the activation of cross slip of dissociated 

dislocations and a decrease in the temperature needed for recovery. Following the rolling procedure, the 

grains tend to elongate in the direction of rolling. Cold rolling can be employed directly after the exit of 

the ECAP, providing an in-line solution to further strengthen the material. It is not clear, however, if the 

cold rolling has more of an effect on mechanical properties and grain refinement than additional passes 

through the ECAP fixture. Another study showed a very minor change in grain size but confirmed an 

increase in tensile strength (Stepanov, Kuznetsov et al. 2012). They also showed that the number of high 

angle grain boundaries increased after the rolling process. 

There has been significant effort placed into analyzing the effect of ECAP on metallic copper 

samples. It has been shown that ECAP causes an increase in some mechanical properties and a decrease 

in grain size. While these properties have been examined in depth at the macroscopic scale, there has 

been little effort to examine the properties of ECAP processed UFG materials over microscopic length 

scales. ECAP was chosen for this study based on its ability to create a drastic reduction in grain size while 

utilizing a relatively easy to create fixture and processing steps. This makes it a desirable choice to prepare 

crystalline metals for UFG micromechanical studies. 
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3.7 ECAP Die Construction 

The initial die design consisted of a three-piece 

fixture that was bolted together as shown in Figure 2. 

The purpose of the three-piece design was to eliminate 

the outer arc of curvature in the channel as well as to 

provide a way to remove billets from the channel as 

needed. 8 bolts were positioned close to the channel 

to ensure the fixture stayed tight around the billet 

during operation. The heat treatment lead to some 

embrittlement of the material and the close bolt 

spacing created a stress concentration causing the 

Figure 2 - Three piece ECAP fixture 

fixture to crack along the bolt line during pressing. In 

addition, the pressing operation tended to separate the two upper halves of the fixture, bending the bolts 

and damaging the threads. Due to these difficulties, it was determined that a one-piece fixture would be 

better applied to this study. 

The first one-piece fixture was made from a 2” diameter by 3 1/2” long cylinder of A2 tool steel 

(McMaster-Carr, 8443K42). The internal channel was 1/4” in diameter and went halfway through the 

length of the cylinder. The plunger was made from a 1/4” tool A2 tool steel rod (McMaster-Carr, 

(McMaster-Carr, 8888K361).). During testing, the plungers had a tendency to bend as the force was 

increased past ~10,000 lbs. Originally, it was thought that a smaller plunger paired with a smaller billet 

would lead to a reduced pressing force. When the plungers began to bend, Euler Bernoulli buckling 

calculations were performed showing that column buckling was expected. It was determined that a 

slightly larger diameter plunger would lead to drastically increased strength without a drastic increase in 

the necessary pressing force. 
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The ECAP die used in the present study was made from a 2” diameter by 3 1/2” long cylinder of 

A2 tool steel (McMaster-Carr, 8443K42). The internal channel was 3/8” in diameter and went halfway 

through the length of the cylinder. The plunger was made from a 3/8” tool A2 tool steel rod (McMaster-

Carr, 8888K421). The outer arc of curvature was ~36° and the channel angle was 90°. The die and plunger 

were heat treated according to standard A2 tool steal heat treating guidelines and had a final hardness of 

~60 on the Rockwell C scale. 

The heat treatment was done according to the following procedure. The material was preheated 

to approximately 1450 °F and soaked for approximately one hour to allow the temperature to equalize 

within the part and relieve some of the internal stress. The temperature was then raised to 1750 °F, at 

which point the part temperature was allowed to equalize before soaking for one hour per inch of material 

(based on the thinnest cross section). The parts were then cooled in air until the temperature reached 

approximately 150 °F. The material was then immediately placed back in the furnace and tempered at 

500 °F for a two-hour minimum with an additional hour for every supplementary inch (past one inch). The 

fixture used to accomplish this study is shown in Figure 3. A drawing associated with this fixture is shown 

in Figure 4. 
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Figure 3 - ECAP fixture 

Figure 4 - ECAP fixture drawing 
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3.8 ECAP Processing 

Four high purity (99.9%) copper samples (McMaster-Carr, 8966K12) were cut to length and 

processed with ECAP according to Table 1. 

Table 1 – Equivalent strain on specimen 1-4 calculated using equation 7 

Sample ECAP passes Equivalent Strain 

1 2 1.57 

2 4 3.14 

3 6 4.71 

4 8 6.28 

No special methods were employed during the pressing operation. The billets were pressed 

without any heating or backpressure through route BC (rotate by 90° after each pass) at a speed of 

approximately 0.003”/sec with molybdenum disulfide as a lubricant. Due to the nature of the operation, 

the material was strengthened between passes and thus needed more force to complete. In general, the 

pressing force required to move the billets through the fixture was 5000-15000lb with a maximum 

observed force of about 18,000lb. Special care must be taken to ensure the channel is well lubricated for 

every pass. When the channel is properly lubricated the required force was typically <10,000lb showing 

that friction plays a dominate role in pressing force. 8 passes were chosen as the maximum due to the 

possibility of cracking of the sample with higher passes. Special methods such as die heating or back 

pressure would likely be required for more passes. 
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4 Electron Backscatter Diffraction (EBSD) 

Following ECAP it became necessary to inspect the grains to verify if the structure was sufficiently 

small and homogeneous. Two methods were utilized. The first was to mechanically polish, etch and 

optically inspect the grain structure. The second was to mechanically polish and inspect in an SEM via 

electron backscatter diffraction (EBSD). 

4.1 Grain Inspection 

Typically, the grain structure of a material can be viewed using metallographic imaging 

techniques. This consists of polishing a sample using a variety of sand papers and polishing solutions, 

followed by chemical etching. Grain boundaries are high energy features and will preferentially etch in 

the presence of an appropriate etchant. The etchant creates topographic differences in the surface of the 

metal, allowing for a contrast between grains that can be viewed in an optical microscope. An example of 

annealed copper is shown in Figure 5. 

Figure 5 - Metallographic etched grain structure of copper 

For ultra-fine grained materials, traditional metallography becomes more complex. To adequately 

reveal the grain structure, the polish has to be incredibly precise. Soft materials, such as copper, are very 

difficult to polish due to their relative susceptibility to scratching. The etching of ultra-fine grained 
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materials also becomes much more difficult to control (Zipperian 2011). Typically, the grain boundaries 

will etch to be around a micron (or more) wide. This allows good contrast between large grains and the 

boundaries they are encompassed by. A problem arises with ultra-fine grained materials since the etched 

boundaries have a tendency to be larger than the grains themselves, annihilating the structure. This can 

be solved by precisely controlling the etch time but it can be difficult to achieve good results since over-

etching can occur after only a few seconds. Furthermore, with such short etch times, the etchant doesn’t 

penetrate that deep into the material, resulting in bad contrast. While it is theoretically possible to do 

traditional metallography on ultra-fine grained materials, many turn to the alternative technique of 

electron backscatter diffraction (EBSD) to analyze the grain structure. 

The use of EBSD in the detection of ultrafine grains following ECAP has been validated in literature 

numerous times. The microstructure of aluminum and aluminum alloys following ECAP has been qualified 

by EBSD (Reihanian, Ebrahimi et al. 2008, Reihanian, Ebrahimi et al. 2008, Zhang, Zhang et al. 2009, El-

Danaf, Soliman et al. 2011, Chen, Chai et al. 2012, Tolaminejad, Brisset et al. 2012, Zhilyaev and Langdon 

2013). The microstructure of copper and copper alloys has also been analyzed (Molodova, Gottstein et al. 

2007, Salimyanfard, Reza Toroghinejad et al. 2011, Kim, Kim et al. 2012, Zhilyaev and Langdon 2013). 

Other materials have also been inspected following ECAP (Lin, Huang et al. 2005, Janeček, Yi et al. 2010, 

Zhu, Sandim et al. 2010). 

4.2 EBSD Background 

Compared to traditional metallography, electron backscatter diffraction can not only provide 

information on grain size, but also phase, orientation angle, grain type, and stored energy. It is a more 

robust method that readily allows for the observation of ultrafine grains. 

EBSD is an attachment to a traditional scanning electron microscope (SEM) that gives information 

about the crystallographic structure of a sample. It is based on the acquisition of diffraction patterns in 
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the SEM. In EBSD, the sample is highly tilted and an electron beam is directed incident to the sample. EBSD 

then collects the diffracted electrons with a fluorescent screen, forming a pattern, as shown in Figure 6 

(Humphreys 2001). This pattern can be correlated back the crystal structure, which gives information 

about the crystal orientation, phases present, grain boundaries, and imperfections. 

Figure 6 - EBSD schematic 

To create an EBSD map, the electron beam is scanned over the surface of the sample, retrieving 

diffraction data at each point. By comparing the data from one point to another, the grain boundary 

information can be determined (Instruments 2015). To achieve good results, the surface of the material 

must be clean and mainly defect free. As such, the material must be finely polished, however, no etching 

is required as it is not a technique that requires differences in topography. 

4.3 Measuring Grain Size 

A typical method of grain size measurement in EBSD is the linear intercept method. Using this 

method, an orientation map may be created over a specific area of the sample. To accomplish this, several 

data points are measured in a straight line along the x-direction and the (grain) orientation is noted at 

each point. By comparing the orientation from point to point, the grain boundaries can be located. By 
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repeating this scan over and over again, moving one step in the y-direction each time, a complete grain 

map can be created. The mean grain size (LX) in the x direction is given by equation 8 (Humphreys 2001). 

𝑅𝑥𝑃𝑥𝛿 
𝐿𝑋 = 8 

𝑁𝑥 

Where RX is the number of rows scanned, PX is the number of pixels in the x-direction, 𝛿 is the 

scan step distance, and NX is the number of boundaries intercepted. 

LY can be calculated similarly and the overall mean grain size can be determined using LX and LY. 

This process is typically software controlled but it follows the same standard that would be used if the 

grains were measured using an optical microscope (ASTM E112). 

Sometimes, if a point falls directly on a boundary, it won’t be indexed. This is called non-indexing 

and is remedied by comparing the two points on either side of the boundary (Humphreys 2001). This is 

not a problem except when the grains are very small. Non-indexing can cause complete grains to be 

missed if a grain falls between the two points used to fix the non-indexing. For small grained structures, 

EBSD can actually report an average grain size larger than what is actually there due to non-indexing. 

4.4 Sample Preparation 

The samples for the present study were first prepared using standard metallography techniques. 

The samples were cut to be approximately 5mm thick. They were then mounted in an epoxy puck and 

ground flat on one side using a belt sander. The samples were then successively polished on 320, 400, 

600, 800, and 1200 grit sand papers. The samples were then finely polished on cloth wheels using 0.3-

micron alumina, followed by 0.05-micron alumina. Finally, the samples were polished for ~12 hours in a 

vibratory polisher with 0.02-micron colloidal silica. 
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4.5 Grain Map 

Grain maps for unprocessed, 2 pass ECAP, 6 pass ECAP, and 8 pass ECAP were created and are 

shown in Figure 7. These grain maps are colored based on the grain orientations shown in the inverse pole 

Figure (IPF) maps of Figures 8-11. The IPF maps represent the crystal direction within the sample. The 

[001] direction is red, the [111] direction is blue, and the [101] direction is green. The IPF maps index and 

color the crystal orientation so that there is contrast between grains in the grain map. 

a) b) 

c) d) 

Figure 7 - Grain map of a) unprocessed b) 2 pass ECAP c) 6 pass ECAP d) 8 pass ECAP 
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Figure 8 - Unprocessed IPF map 

Figure 9 - 2 pass ECAP IPF map 
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Figure 10 - 6 pass ECAP IPF map 

Figure 11 - 8 pass ECAP IPF map 
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Each grain map was captured using approximately the same magnification and clearly shows a 

microstructural evolution as a result of successive passes through the ECAP fixture. The IPF maps show 

the grain orientation associated with each color as well as data on the sample size and zero solutions. 

4.6 Grain Size Histogram 

The average grain size associated with each sample was determined using the grain size 

histograms shown in Figures 12-15. 

Figure 12 - 0 pass ECAP grain size histogram 

Figure 13 - 2 pass ECAP grain size histogram 
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Figure 14 - 6 pass ECAP grain size histogram 

Figure 15 - 8 pass ECAP grain size histogram 
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A summary of grain sizes can be found in Table 2. 

Table 2 - Average grain size after ECAP 

ECAP Pass Number Average Grain Size 

0 8.03 µm 

2 4.38 µm 

6 2.49 µm 

8 2.22 µm 

4.7 Area Weighted Histogram 

EBSD analysis also provides an area weighted histogram to illustrate the effect large grains have 

on the average grain size. These area weighted histograms are shown in Figures 16-19. The area weighted 

histogram weights the area of each grain over the area of the viewing window. In this way, large grains 

will have more of an effect on the average grain size since they take up more space then small grains. The 

amount of very large grains is small relative to the amount of small grains and it was confirmed via FIB 

imaging (Figures 22 & 23) that no large grains were present on the micro cantilevers. 

Figure 16 - 0 pass ECAP grain size area weighted histogram 
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Figure 17 - 2 pass ECAP grain size area weighted histogram 

Figure 18 - 6 pass ECAP grain size area weighted histogram 
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Figure 19 - 8 pass ECAP grain size area weighted histogram 

A summary of the area weighted average grain sizes is shown in Table 3. 

Table 3 - Area weighted average grain sizes 

ECAP Pass Number Average Grain Size 

0 35.2 µm 

2 13.6 µm 

6 6.5 µm 

8 4.86 µm 
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4.7 Grain Boundary Information 

The misorientation information of the unprocessed and 8 pass ECAP was obtained via EBSD. 

Figures 20 and 21 show the evolution of the misorientation angle as the number of ECAP passes was 

increased. 

Figure 21 - 0 pass ECAP misorientation angle histogram 

Figure 20 - 8 pass ECAP misorientation angle histogram 

It is clear from Figures 20 & 21 that there is a much higher concentration of high angle grain 

boundaries in the 8 pass ECAP sample. This lends to the reasonable assumption of linear isotropic behavior 

since the grains are sufficiently small and have high misorientation angles. This shows that almost all of 

the sub grains (grains with a misorientation angle less than 15°) have evolved into regular grains in the 

ECAP sample. In fact, the 8 pass misorientation data shows that only about 1% of the 8 pass processed 

grains are sub grains. This demonstrates a lack of texture in the sample since the grains do not appear to 

follow any specific orientation. It should be noted, however, that almost 50% of the grains in the 8 pass 

sample have a misorientation angle of ~60°. While highly unlikely, the high percentage of grains with a 
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~60° misorientation could lead to a repeating structure (ex. a rotation of 60° back and forth every other 

grain), even though the percentage of sub grains is very low. This could introduce anisotropic behavior. 

4.8 EBSD Conclusions 

Based on the ECAP results, a significant reduction in grain size was achieved through 8 passes. 

This makes the grains sufficiently small so that several grains span the width of a micro-cantilever. This 

leads to the reasonable assumption that the cantilevers will have linear isotropic behavior and gave 

motivation to fabricate micro-cantilevers from the 8 pass sample. It should be noted, however, that 

experimental evidence has shown the presence of grains with low angles of misorientation even after high 

strains are inflicted via ECAP (Komura, Horita et al. 1999). This study used selected area electron 

diffraction (SAED) patterns to deduce that sub grains existed in pure copper even after 10 pressings. While 

the EBSD data in this study did show the presence of some sub grains, the quantities are quite low (~1%). 

The grain size reduction from ECAP was also later confirmed during FIB micro machining as shown 

in figures 22 and 23. The grains displayed in the FIB imaging due to differences in the ion penetration 

depth from grain to grain. This causes contrast in the imaging and confirms the grain size found earlier in 

this section. It also confirms that the 

grains are sufficiently small for 

multiple grains to be present along 

the length and width of the 

cantilever 

Figure 22 - Grains shown in FIB imaging for cantilever A 
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Figure 23 - Grains shown in FIB imaging for cantilever B 

5 Focused Ion Beam Milling 

Focused ion beam (FIB) technology has become a staple of the micro-manufacturing, 

semiconductor (IC fabrication), and biological industries since it has the ability to fabricate on the nano-

scale while providing simultaneous imaging. It has the capability to machine a wide variety of specimens 

in 3 dimensions. This has made it a desirable candidate for fabrication in industries specializing in nano 

and microscale products. 

FIB milling is accomplished by focusing and accelerating the ions onto the surface of the sample 

as shown in Figure 24. The kinetic energy from the relatively heavy gallium (Ga) ions is transferred into 

the sample, colliding with the atoms on the surface, and causing them to be ejected from the surface. This 

process allows for the milling of a surface into very precise geometries with resolution on the order of 
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nano meters (Frey, Lehrer et al. 2003). This process is limited by redeposition, which occurs when ejected 

atoms are directed towards a feature on the samples surface. These atoms settle on the surface and have 

to be remilled. Due to this, completely 

vertical walls are not typically possible 

without over-tilting the sample (Prenitzer, 

Giannuzzi et al. 1998). The milling procedure 

is also limited by low sputter yield at high 

incidence angles (Lehrer, Frey et al. 2001). 

The FIB utilizes an ion beam for 

micro milling as well as imaging. The ions are 

directed incident to the sample and upon 

Figure 24 - FIB milling schematic 

impact, they produce secondary electrons 

which can be collected to form a high resolution image. Typically, FIB systems use a liquid metal ion source 

(LMIS). A gallium based LMIS was introduced by Kron et. al in the 70’s as a source with high brightness 

(Krohn and Ringo 1975). The working principle of an LMIS is that a cone of liquid metal can be formed at 

the tip of a needle by a spherical electrostatic force, causing the emission of ions from the tip of the cone 

in a specific direction. Later developments focused this beam of ions and became the foundation of what 

we use today for FIB milling and imaging (Seliger, Ward et al. 1979). 

Gallium (Ga) is typically used as the ion source for a variety of reasons. Most notably, when 

compared to the alternatives, Ga LMIS ions produce the brightest and most highly focused beams (Volkert 

and Minor 2007). Furthermore, Ga is easy to work with due to its low volatility, melting temperature, and 

vapor pressure. This allows Ga sources to last longer and work better (in regards to the beam focus and 

image brightness) then sources made from gold (Au), indium (In), bismuth (Bi), or tin (Sn). 
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There will be some incorporation of Gallium into the surface of the sample as a result of the milling 

process, which is called implantation. As the Ga ions penetrate into the sample, whether for imaging or 

milling, some are not ejected and become integrated into the material (Volkert and Minor 2007). This can 

be minimized by milling with glancing angles. Normal incidence milling has been shown to have 5-10x 

more Ga implantation than that done with glancing angles. 

5.1 FIB Milling Procedure 

To study the micromechanical properties of copper, small cantilever beams were fabricated with 

FIB milling. 110 high-purity (99.9%) copper purchased from McMaster Carr (McMaster-Carr, 8966K12) was 

processed with ECAP through 8 passes as discussed in Section 3 and FIB milled as illustrated in this section. 

Following the ECAP process, the copper sample was highly deformed. Since FIB is only capable of 

removing small amounts of material, the sample must be pre-processed to achieve a flat surface. Having 

a flat surface before FIB milling drastically reduces the mill time required for micro-beams. The copper 

samples were cut into approximately 5mm tall disks. The top and bottom surfaces were then planarized 

and the cylindrical surface was milled flat on one side. The surfaces were then polished following the 

general procedure for metallographic etching as described in the EBSD chapter. 

The sample was then mounted on a 45° SEM stand and placed in a Carl Zeiss AURIGA Crossbeam 

FIB/SEM. In this system the FIB is mounted at a 54° so the sample was tilted an additional 9° so that its 

top surface was perpendicular to the beam. The sample was moved to a working distance of 5mm where 

the FIB was then aligned and milling could commence. The accelerating voltage used for all milling 

currents was 30 KeV. 

The first step in the FIB milling was to create two parallel rectangular trenches as shown in Figure 

25a&b. The second step was to create a channel connecting the two parallel trenches, forming the general 

outline of a cantilever beam as shown in Figure 25c. The sample was then rotated by 90 degrees and the 
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underside of the beam was milled to create a freestanding structure as shown in Figure 25d. These steps 

were all accomplished using a coarse milling current of 4nA-16nA. These currents were chosen based on 

trial and error and the capabilities of the specific FIB milling system used. In general, lower currents 

provide more accurate milling and a better surface finish but take much longer to mill an area than higher 

currents. At 16nA or more, the milling time is very fast (in comparison to lower currents) due to the high 

ion acceleration speed but had a tradeoff of reduced accuracy. Some ions would tend to travel outside of 

the software controlled milling window, impacting and potentially damaging the sample. 16nA was used 

sparingly in this study and only saw limited use in steps 1 & 2. 4nA was the primary course current applied 

to balance milling speed and accuracy. Following course milling, each side of the beam was finely polished 

using progressively lower currents. The course currents were used to achieve dimensions ~10-20% larger 

than the goal. The current was then lowered to 1nA-2nA to polish the sample to within ~5% of the goal. 

To balance milling accuracy with milling speed, 1nA was used for shorter sections and 2nA was used for 

longer sections do to the faster milling speed achieved with 2nA. The top surface of the beam was also 

polished with these currents to achieve a flatter surface then is possible with mechanical polishing 

techniques. The final step was to mill each surface with a 600pA current, achieving the final dimensions 

and an extremely polished finish. Currents lower than 600pA are possible and would lead to a further 

improved surface finish but the process time necessary for lower currents was too great so currents under 

600pA were not feasible for this study. The final FIB milled cantilever beam is shown in Figure 25e. 
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a) b) 

c) d) 

e) 

Figure 25 - FIB milling procedure a) milling of a trench on the edge of the sample b) milling of second trench to define the width 
of the cantilever c) connection of parallel trenches d) milling of the underside of the cantilever e) final polishing 
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5.2 FIB Milling Results 

Four different cantilever geometries were created for this study. The dimensions of these samples 

are summarized in Tables 4 and 5. Table 4 shows the length and width of the microcantilevers. Table 5 

shows the thicknesses of the microcantilevers. There was a taper present on the underside of the 

microcantilevers. This taper caused the front and back edges of the cantilevers to have different thickness 

dimensions. This will be further discussed in section 5.7. These dimensions are accompanied by high 

resolution SEM photos shown in Figures 26-30. Additional photos showing SEM dimensions for each 

cantilever are shown in Appendix A. 

Table 4 – Cantilever length and width measurements 

Sample Length (µm) Width (µm) 

A 65.26 13.63 

B 112.78 23.98 

C 34.97 11.59 

D 43.48 20.54 

Table 5 – Cantilever thickness measurements 

Sample 

A 
B 
C 
D 

Thickness of front 
edge - fixed end 

(µm) 
3.41 

3.02 

1.07 

0.470 

Thickness of back 
edge - fixed end 

(µm) 
4.05 

4.94 

1.63 

1.53 

Thickness of front 
edge - free end 

(µm) 
3.25 

3.36 

1.05 

0.42 

Thickness of front 
edge - free end 

(µm) 
3.92 

5.43 

1.69 

1.46 

44 



 
 

   

                 

        

           

   

       

    

    

     

  

      

  

  

        

          

           
 

5.3 Cantilever A 

Figure 26 - Orthographic SEM photo of cantilever A 

Cantilever A had a length of 65.26 µm and a width of 13.63 µm. There was a slight taper in the 

thickness between the front and back surfaces as a result of slight misalignments in the FIB beam between 

subsequent milling times as well as possible redeposition. When measured at the fixed end, the front 

surface was 3.41 µm while the back edge was 

4.05 µm. When measured at the free end, the 

front surface was 3.25 µm while the back edge 

was 3.92 µm. An example of the taper present 

in all cantilevers is shown in Figure 27. The 

measurements on this image are for 

illustrative purposes and do not reflect the 

actual dimensions of the sample since they 
Figure 27 - Thickness taper of cantilever A (dimensions are not to 

scale) 
were taken while the sample was highly tilted. 

Actual thickness measurements were done by focusing the SEM at a 90° angle from the side of the sample. 
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5.4 Cantilever B 

Figure 28 - Orthographic SEM photo of cantilever B 

Cantilever B had a length of 112.78 µm and a width of 23.98 µm. Cantilever B had a larger 

difference in thickness than cantilever A between the front and back surfaces due to its increased width. 

When measured at the fixed end, the front surface was 3.02 µm while the back edge was 4.94 µm. When 

measured at the free end, the front surface was 3.36 µm while the back edge was 5.43 µm. 
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5.5 Cantilever C 

Figure 29 - Orthographic SEM photo of cantilever C 

Cantilever C had a length of 34.97 µm and a width of 11.59 µm. The cross section was relatively 

rectangular with only a small variation in thickness from front to back. When measured at the fixed end, 

the front surface was 1.07 µm while the back edge was 1.63 µm. When measured at the free end, the 

front surface was 1.05 µm while the back edge was 1.69 µm. 
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5.6 Cantilever D 

Figure 30 - Orthographic SEM photo of cantilever D 

Cantilever D had a length of 43.48 µm and a width of 20.54 µm. Special care was taken to reduce 

the taper angle on cantilever D to achieve a lower average thickness. The reduction in taper angle was the 

result of over tilting the SEM stage during milling. When measured at the fixed end, the front surface was 

0.470 µm while the back edge was 1.53 µm. When measured at the free end, the front surface was 0.421 

µm while the back edge was 1.46 µm. 

5.7 Thickness Taper 

The sample was removed from its SEM stand following milling and placed in a vacuum chamber 

to prevent oxidation. Each time the sample was placed back onto the stand, it would be slightly 

misoriented from where it was during the last milling cycle. The SEM stage was tilted to 54° each time so 

minor variations in how the sample was mounted to the SEM stand resulted in a slight taper in the 

cantilever geometry. This effect can be minimized though either of the following methods: 
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1. Completely mill the top and bottom surfaces without moving the SEM stage 

2. Over tilt the stage to compensate for the taper 

Performing the course milling and subsequent polishing of the top and bottom surfaces without 

moving the SEM stage is very time intensive so this was not done on any samples. Furthermore, it was 

often necessary to revisit each surface for a final fine polishing step to remove any redeposition that may 

have occurred. While technically possible, it is often not feasible to mill both surfaces without tilting the 

stage, especially when using shared equipment. 

Over tilting the stage is a good way to reduce the taper but special care must be taken to not 

destroy the sample. The coincidence point between SEM imaging and FIB milling will change when the 

stage is tilted to a different position. This must be accounted for before milling occurs or else the beam 

could be impacting the sample in an undesired location. This method was employed on sample D to reduce 

the taper. A taper still exists due to concerns that the sample would be destroyed if the stage was over 

rotated. The stage was purposefully under rotated to ensure the safety of the sample while still reducing 

the taper. The stage could have been rotated farther to generate a completely flat surface. 

5.9 Error in Cantilever Measurements 

There were several sources of error in the SEM measurements of the FIB milled cantilevers. The 

first is due to human error in physically dragging the measurement tool. This error was determined to 

0.004% by averaging the standard deviation of measurements intending to measure the same dimension. 

The second source of error was caused by the SEM measurement tool being out of calibration during the 

final measurements. A calibration standard with known lengths was measured in the SEM, from which a 

calibration curve was developed to correct the measurements closer to their actual values. The calibration 

curves are shown in Figures 31 & 32. There was a separate calibration factor for vertical measurements 

and horizontal measurements. The length was measured horizontally while the width and thickness were 
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measured vertically for all cantilevers. The error in calibration is estimated to be 1-3% based on the 

measurements obtained via the calibration standard. Lastly there is error related to small dimensional 

variations throughout the sample and human error related to choosing points to measure from. To 

compensate for this, additional measurements were taken to estimate a maximum and minimum length, 

width and thickness of each cantilever. The results are shown in section 7.3. 

SEM Calibration - Horizontal Measurements 
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Figure 31 - Horizontal SEM calibration plot 

SEM Calibration - Vertical Measurements 
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Figure 32 - Vertical SEM calibration plot 
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6 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is a technique that is capable of image scanning and force 

measurements. It has become one of the most popular scanning probe microscopy (SPM) techniques due 

to its sub-nanometer resolution. It’s operating principle is based off of short and long range interactions 

between an AFM tip at the end of a cantilever and a sample (Patel and Kranz 2018). 

The AFM was introduced in the 1980’s as a way to measure forces on particles as small as a single 

atom (Binnig, Quate et al. 1986). To accomplish this the interaction between a probe tip and sample is 

measured. The probe tip is created on the end of a cantilever that acts as a force sensor and actuator (Seo 

and Jhe 2008). 

A typical piezo based AFM system, as used in this study, is shown in Figure 33. A cantilever with a 

sharp probe is positioned over the surface of a sample. The cantilever is attached to a piezoelectric 

transducer which acts as an actuator as well as a scanner. A piezoelectric material is one that changes 

geometry with an applied voltage. In this case, the cantilever will get closer to the surface as the voltage 

increases and farther away as is decreases. 

Figure 33 - AFM system schematic 
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The interaction of the cantilever and sample is measured using an optical sensor. The backside of 

the cantilever is highly reflective and a laser is directed onto its surface. The laser reflects off of the surface 

and onto a four quadrant photodetector; optics are typically used to focus and guide the laser. Before any 

interaction with the sample, the reflected laser is positioned to be directly in the middle of the four 

quadrants. When the cantilever interacts with the sample, there will be some deflection. As the cantilever 

deflects, it causes the reflected laser to change position on the quadrants, producing a measureable 

change in the voltage in each quadrant. The change is voltage, typically measured as a difference between 

the top and bottom quadrants, is proportional to the deflection of the cantilever for small deflections. 

The tip can interact with the sample using two methods for imaging; contact mode and non-

contact mode. In contact mode the probe is in contact with the sample surface during scanning. In non-

contact mode, the tip oscillates above the surface and the atomic forces between the probe tip and 

sample surface are used for scanning. There are various methods for detecting the motion of the 

cantilever including piezo resistance, laser interferometry, tunneling current, and optical methods. All of 

these are able to provide nano-meter or sub nano-meter resolution. 

Tapping mode was used for imaging in the present study as a way to limit the possibility of probe 

and/or sample damage. Tapping mode is a non-contact method where the probe oscillates at its 

resonance frequency. As the tip approaches the sample, it is attracted until a certain point. After this point 

the force switches to repulsive (Seo and Jhe 2008). Tapping mode operates by precisely monitoring this 

point and treating it as the point of contact. The point where the attractive and repulsive forces are 

balanced is the figurative point of contact and the piezo feedback loop is used to maintain a constant 

interaction as the tip is scanned across the sample. The topography is created by using the piezo 

displacement as a measure of surface height. 
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When imaging, a piezo feedback loop is applied to control the interaction of the cantilever with 

the sample. In tapping mode, the feedback loop is always active to make sure the tip-sample interaction 

remains constant as the tip scans over the surface. The piezo position is then used to create an image. The 

feedback loop can also be used to protect the cantilever from breaking as a result of too much deflection 

and can control indentation depth as the cantilever interacts with the sample in contact mode. While it is 

not used in data acquisition and measurement, an optical microscope is also utilized to align the sample 

as well as provide a visual confirmation of what the probe is doing. 

Mechanical properties (such as stiffness) can be determined using force displacement curves, 

where either the force or displacement are set to a desired rate. This will be further discussed in section 

6.3. 

6.1 AFM Force Sensor 

An AFM probe is typically made from silicon and silicon nitride due to their optical and mechanical 

properties. Silicon is also able to be anisotropically etched using a potassium hydroxide (KOH) solution to 

create a sharp probe tip. The probes for this study were purchased from Bruker. 

Since the fabrication process is based on wet chemical etching, there is an inherent inability to 

exactly control the etch depth each time. This results in small variations in the thickness of each cantilever, 

changing their spring constant and thus the deflection that they experience during testing. Due to this, it 

becomes important to calibrate the spring constant of the cantilevers before use. 

There are several methods for determining cantilever stiffness but perhaps the most widely used 

is the Sader method (Sader, Larson et al. 1995, Sader, Chon et al. 1999). This method uses the measured 

dimensions of the cantilever with an experimentally determined resonance frequency and quality factor 

to determine the stiffness. This method also incorporates the viscosity of the fluid the cantilever is 

suspended in making it viable for media other than air. This method was preceded by Cleveland et. al in 
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which the stiffness can be determined using the manufacturers dimensions (or measured), the 

experimentally determined resonance frequency and values from literature for density and elastic 

modulus (Cleveland, Manne et al. 1993). The Sader method is typically used because it relies more on 

experimental values rather than values accepted in literature, resulting in better accuracy. There are also 

several thermal methods that use the cantilevers thermal distribution spectrum (Hutter and Bechhoefer 

1993, Butt and Jaschke 1995). They determined that the thermal noise amplitude depended on the 

temperature, spring constant, and method used to detect the amplitude. 

6.2 AFM Probe Calibration 

The AFM probes used in this study were 

TESPA-V2 (Bruker 2019 TESP-V2) from Bruker 

(Figure 34) and all AFM tests were performed on a 

Bruker Dimension Icon with Scan Assist ® (Bruker 

2013). The spring constant of the AFM probes 

comes in range of about 20-80 N/m. Since this range 

is so wide, it is important to calibrate them to obtain Figure 34 - TESPA- V2 Probe (Bruker 2019 TESP-V2) 

accurate measurement results. The calibration can be performed by comparing the spring constant of the 

probe to a reference cantilever with a known spring constant. The reference cantilever used in this study 

was a CLFC-NOBO from Bruker (Bruker 2019 CLFC-NOBO) and is shown in Figure 35. This spring constant 

of this cantilever was determined using laser Doppler vibrometry and is accurate to within 5% (Ohler 

2007). The calibration supplied by Bruker is given in equation 9. 

𝑆𝑟𝑒𝑓 𝐿𝑟𝑒𝑓 
3 

𝐾 = 𝐾𝑟𝑒𝑓 ( − 1)( )
𝑆ℎ𝑎𝑟𝑑 𝐿𝑟𝑒𝑓 − ∆𝐿 

9 
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Where 𝐾𝑟𝑒𝑓 is the spring constant of the reference cantilever, 𝑆𝑟𝑒𝑓 is the 

average deflection sensitivity of the reference cantilever, 𝑆ℎ𝑎𝑟𝑑 is the 

average deflection sensitivity on a hard surface (silicon wafer), 𝐿𝑟𝑒𝑓 is the 

length of the reference cantilever, and ∆𝐿 is the offset of the AFM probe 

tip from the end of the reference cantilever. The uncertainty in the 

calibrated stiffness is given by equation 10. Figure 35 - CLFC NOBO (Bruker 2019 
CLFC-NOBO) 

1 
2 2𝑢𝐾𝑟𝑒𝑓 

2 1 𝑆𝑟𝑒𝑓 2 
2 + 2 𝑢𝑆𝑟𝑒𝑓 

2 + ( 2) 𝑢𝑆ℎ𝑎𝑟𝑑 
𝐾𝑟𝑒𝑓 𝑆ℎ𝑎𝑟𝑑 𝑆𝑟𝑒𝑓 − 𝑆ℎ𝑎𝑟𝑑 (𝑆𝑟𝑒𝑓 − 𝑆ℎ𝑎𝑟𝑑 )𝑢𝑟 = 10 

9∆𝐿2 9 
2+ 2 𝑢𝐿𝑟𝑒𝑓 

2 + 2 𝑢∆𝐿 
[ 𝐿𝑟𝑒𝑓 

2(𝐿𝑟𝑒𝑓 − ∆𝐿) (𝐿𝑟𝑒𝑓 − ∆𝐿) ] 

Where 𝑢𝐾𝑟𝑒𝑓 is the uncertainty in the spring constant of the reference cantilever, 𝑢𝑆𝑟𝑒𝑓 is the uncertainty 

in the sensitivity of the reference cantilever, 𝑢𝑆ℎ𝑎𝑟𝑑 is the uncertainty in the sensitivity at the hard surface, 

𝑢𝐿𝑟𝑒𝑓 is the uncertainty in the length of the reference cantilever, and 𝑢∆𝐿 is the uncertainty in the AFM 

tip position. 

All probes were calibrated in this way by using at least 5 indentations on a hard surface and at 5 

indentations at 5 different lengths along the length of the reference cantilever. The uncertainty in the 

calibrated stiffness was 5-6% for all cantilevers. 

6.3 AFM Indentation 

The AFM indentation tests were performed using standard contact mode in air. First, the probe 

tip was aligned and the probe was tuned to ensure it was not damaged. The indentation probes were 

calibrated using the CLFC-NOBO as described in section 6.2. The cantilever samples fabricated from FIB 

were placed in the AFM system and the optical microscope was used to align the probe with the cantilever. 

The AFM was then set to scanning mode where the surface topography of the cantilever was mapped. 
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The scan was positioned so that the probe would travel over the edge of the cantilever. This helps in 

determining the distance of the AFM probe tip from the base of the cantilever during indentation. Once 

the surface has been scanned, the image generated can be used to program indentation locations for the 

AFM probe. Eight locations were selected along the length of the probe for indentations. These locations 

all were chosen at approximately one half the width. The slight taper in the cantilever does not cause any 

appreciable torsion during indentation as shown by Zhang so the motion of the cantilever can be assumed 

to be linear (Zhang 2019). The indentation speed was chosen to be 20 nm/s and the probe deflection was 

chosen to create approximately the same stress in each cantilever. The probe deflection was 60nm for 

probe A, 73nm for probe B, 22nm for probe C, and 14nm for probe D. The indentation data was then used 

to calculate the spring constant of the cantilever. 

The indentation process generated a force curve for the loading and unloading of the probe. This 

force curve tracks the deflection of the probe as a function of piezo displacement. The probe continues 

its indentation until the deflection limit is reached. Since the piezo is extending during this time, this is 

called the “extend” curve. After the deflection limit is reached the piezo’s begin to retract and relieve the 

force on the probe. This is called the “retract” curve. For this study, the curves both should slope 

approximately linearly due to the constant indentation speed. The probe deflection is proportional to the 

piezo displacement. There is usually a small dip at the beginning of the linear portion of the force curve 

due to an attractive force between the probe tip and sample when the probe is in close proximity. 

Similarly, this attractive force causes a jump in the retract curve as the probe tip is attempting to disengage 

with the sample surface. The horizontal part of the curve occurs when the probe is not in contact with the 

sample surface. 

A force curve schematic is shown in Figure 36 along with the associated probe position shown in 

figure 37. The associated probe movements are shown in Figure 37. The linear portion from 1-2 occurs 

before the probe has made contact with the sample. At point 2 an attractive force between the probe tip 
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and sample surface makes a small dip in the curve. From 2 to 3 the probe tip is extending into the sample. 

At point 3 the deflection limit is reached. From 3 to 4 the probe begins retracting from the sample surface. 

At point 4 the probe disengages from the sample surface. From point 4 to 5 the probe is no longer in 

contact with the sample. 

Figure 36 - AFM extend and retract curve schematic 

a) b) c) d) 

Figure 37 - AFM probe positions during indentation a) Probe position between stages 1 & 2 b) Probe position between stages 2 
& 3 c) Probe position between stages 3 & 4 d) Probe position between stages 4 & 5 

When the AFM probe makes contact with a hard surface, the change in probe deflection equals 

the change in piezo displacement as given by equation 11. 

∆𝑍 = ∆𝛿 11 

Where Z is the piezo displacement and 𝛿 is the AFM probe deflection. 
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When indention is being performed on a cantilever, the movement of the cantilever must also be 

taken into account as shown in equation 12. 

∆𝑍 = ∆𝛿 + ∆𝑤 12 

Where w is the deflection in the cantilever. 

The system is assumed to be in a state of equilibrium during indentation due to the slow and 

uniform pressing speed. Therefore, the spring constants of the AFM probe and cantilever can be related 

by equation 13. 

𝐾𝐶𝑤 = 𝐾𝑃𝛿 13 

Where 𝐾𝐶 is the spring constant of the cantilever and 𝐾𝑃 is the spring constant of the probe. Since the 

cantilever deflection is a function of piezo displacement, it follows that the difference in 𝐾𝐶𝑤 and 𝐾𝑃𝛿 is 

equal between any two points, leading to equation 14. 

𝐾𝐶∆𝑤 = 𝐾𝑃∆𝛿 14 

The spring constant of the cantilever can then be defined using equations 12 and 14 to obtain 

equation 15. 

∆𝛿 
∆𝛿 ∆𝑍 𝐾𝐶 = 𝐾𝑃 = 𝐾𝑃 ( ) 15 
∆𝑤 ∆𝛿 

1 − ∆𝑍 

∆𝛿 
Where the value is the slope of the linear portion of the force curve obtained from the AFM indentation 

∆𝑍 

tests. The slope of this line was obtained using the Bruker AFM software by predicting the slope between 

two points with the least squares method. The results obtained from the AFM testing will be shown in 

section 7. 
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7 Finite Element Analysis (FEA) 

To determine if the AFM experimental results deviate from classical theory, the cantilevers were 

modeled and analyzed in the commercial finite element analysis (FEA) software ANSYS 19.2. The main 

purpose of finite element analysis in this study was to model the spring constant, K0, using classical theory 

and compare it to the AFM indentation results. 

Finite element analysis is a numerical method and serves to model the behavior of complex 

geometry that does not have an exact solution. In FEA, a system is divided into a series of small elements 

that are connected by nodes. By dividing a complex problem into many pieces, the behavior in each 

element can be accurately modeled with relatively simple equations. FEA software can quickly solve these 

algebraic equations providing a numerical solution much faster than what can be done by hand. 

FEA was chosen for this study because the thicknesses of the cantilevers are not consistent 

between the front and back edges. This geometrical variation would cause stiffness calculations to be very 

complex and difficult to solve without a numerical simulation. FEA was used as a means to accurately 

model and analyze the cantilevers with classical theory, allowing their approximate spring constants to be 

obtained in a timely manner. 

7.1 FEA Model Set-up 

The polycrystalline copper used in this study had a modulus of elasticity of 117 Mpa and a 

Poisson’s ratio of 0.34 based on specification from McMaster-Carr (McMaster-Carr, 8966K12). The yield 

and tensile properties are unknown due to strengthening from the ECAP process. 

The cantilevers were 3D modeled in Autodesk Inventor based on the dimensions obtained in the 

SEM, and then imported into ANSYS. These dimensions are compiled in Tables 3&4. The cantilevers were 

modeled based on a measured length, width, front edge base thickness, back edge base thickness, front 
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edge free end thickness, and back edge free end thickness; assuming a linear change between those end 

points. Dimensions from the middle section of the cantilever were not utilized since the thickness varied 

mostly linearly from the base to the free end. Furthermore, the geometry was also modeled accounting 

for experimental error which will be described further in section 7.3. Figures 38-41 show the ANSYS 

modeled cantilevers used in this study. 

Figure 38 - Cantilever A ANSYS model 

Figure 39 - Cantilever B ANSYS model 
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Figure 40 - Cantilever C ANSYS model 

Figure 41 - Cantilever D ANSYS model 
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The simulation was modeled to match the AFM test. A mesh was generated for each cantilever, 

as shown in Figure 42. The cantilever was then fixed at the base as shown in Figure 43. The cantilever was 

subject to a point displacement at the cantilever centroid at various points along the length as shown in 

Figure 44. The simulations used the same indentation distances used for AFM testing as described in 

section 6.3. The probe deflection was 60nm for probe A, 73nm for probe B, 22nm for probe C, and 14nm 

for probe D. A force probe was utilized to determine the reaction force generated during the displacement 

operation as shown in Figure 45. While the data was not used directly in this study, the equivalent Von 

Mises stress and strain was determined to show that the model was converging to within ~2%. This leads 

to the most accurate force reaction results. An example of the equivalent strain in cantilever A is shown 

in Figure 46. The force reaction was then converted to a stiffness by dividing by the simulated 

displacement distance. 

Figure 42 - Cantilever A mesh 
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Fixed Surface 

Figure 43 - Cantilever A fixed surface boundary condition 

Figure 44 - Cantilever A displacement boundary condition 
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8.9718e- 5 Mu: 
7.9763e-5 
6.9808e-5 
5.9853e-5 
4.9897e-5 
3.9942e-5 
2.9987e-5 
2.0032e-5 
1 .0076e-5 
1.21e-7 Min 

Figure 45 - Cantilever A force reaction 

Figure 46 - Cantilever A equivalent Von Mises strain 
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7.2 FEA & AFM Results 

The FEA results were plotted alongside the experimental AFM results to show how the 

experimental results compare with classical theory. These plots are shown in Figures 47-50. It should be 

noted that based on specification, the AFM probes can accurately measure beam stiffness within the 

range of one third to three times the probe stiffness. For the probes used in this study, the accurate range 

of stiffness is approximately 10 to 110 N/m. Experimental data outside of this range is subject to increased 

error since it is outside of the specified measurement range for the AFM probes used. The effective 

measurement range of the AFM probes only came into play for cantilever A and the values above the line 

labeled ‘AFM Probe Accuracy Limit’ in Figures 47 and 51 are subject to increased experimental error. 
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Figure 47 - Cantilever A stiffness vs. length plot comparing the AFM results of TESPA-V2 probe 8 and 9 with ANSYS simulated 
classical results 
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Figure 49 - Cantilever B stiffness vs. length plot comparing the AFM results of TESPA-V2 probe 8 and 9 with ANSYS simulated 
classical results 
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Figure 48 - Cantilever C stiffness vs. length plot comparing the AFM results of TESPA-V2 probe 8 and 10 with ANSYS simulated 
classical results 
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Figure 50 - Cantilever D stiffness vs. length plot comparing the AFM results of TESPA-V2 probe 8 and 10 with ANSYS simulated 
classical results 

7.3 Error Simulation 

Since there was significant error in the SEM measurements, the cantilevers were modeled with 

their worst case dimensions and analyzed via FEA. These dimensions are compiled in Table 6 and were 

obtained by applying the error sources specified in section 5.9. To obtain the maximum and minimum 

values, the SEM images were manually examined to determine the maximum and minimum measured 

dimensions for each cantilever surface. The maximum error associated with the SEM calibration (3%) was 

also applied to generate a maximum and minimum envelope the cantilever surface dimensions could fall 

into. 
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Table 6 - Minimum and maximum cantilever dimensions based on SEM measurement error 

Cantilever A Cantilever B Cantilever C Cantilever D 

Min Max Min Max Min Max Min Max 
(µm) (µm) (µm) (µm) (µm) (µm) (µm) (µm) 

Length 62.66 67.36 108.84 116.73 33.66 36.49 41.85 45.11 

Width 12.70 13.86 22.79 24.42 11.11 12.12 19.74 21.39 

Thickness Fixed, 
3.35 3.42 2.97 3.26 0.98 1.17 0.44 0.51 

Close 

Thickness Fixed, 
3.98 4.10 4.85 5.37 1.58 1.66 1.47 1.61 

Far 

Thickness Free, 
3.18 3.37 3.31 3.43 1.01 1.11 0.30 0.50 

Close 

Thickness Free, 
3.82 3.99 5.37 5.54 1.66 1.74 1.30 1.57 

Far 

The minimum stiffness would occur when the length is at a max, the width is at a minimum, and 

the thickness is at a minimum. The maximum stiffness would occur when the length is at a minimum, the 

width is at a maximum, and the thickness is at a maximum. The cantilevers we modeled with error 

conditions that would provide the maximum and minimum stiffness. This allows for the creation of an 

error envelope for the classical FEA results. The FEA and AFM results with the associated dimensional 

measurement error are shown in Figures 51-54. In addition to SEM measurement error, the total 

calibration error in the AFM probes can be up to 11% as specified in section 6.2. This consists of 5% error 

in the provided spring constant of the CLFC-NOBO and 5-6% error in the calculated probe spring constant. 

Probe error was reflected by providing the raw experimental data rather than an average with error bars. 
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Figure 52 - Cantilever A stiffness vs. length plot comparing the AFM results of TESPA-V2 probe 8 and 9 with ANSYS simulated 
classical results with measurement error 
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Figure 51 - Cantilever B stiffness vs. length plot comparing the AFM results of TESPA-V2 probe 8 and 9 with ANSYS simulated 
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Figure 54 - Cantilever C stiffness vs. length plot comparing the AFM results of TESPA-V2 probe 8 and 10 with ANSYS simulated 
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8 Conclusions 

This purpose of this work was to demonstrate whether or not polycrystalline microbeams exhibit 

a size effect. The particular mechanical property analyzed in this study was beam stiffness. If a size effect 

existed, the cantilever stiffness would be expected to increase as cantilever thickness is decreased. To 

accomplish this study, 110 grade copper was processed through 8 passes of ECAP to reduce the grain size. 

The purpose of this reduction in grain size was to allow the cantilevers to have linear isotropic behavior 

over the size regime analyzed. The average grain size achieved through 8 passes of ECAP was measured 

using EBSD. The average grain size was determined to be approximately 2.22 µm. Following EBSD, micro 

beams were manufactured from the 8 pass ECAP sample. Following FIB, AFM microindentation was 

performed to determine an experimental spring constant for the micro beams. To determine if a size 

effect exists, the experimental AFM data was compared to classical FEA stiffness results. 

Due to the sensitivity of the measurements to small dimensional changes, the error in SEM 

measurements corresponded to a large error envelope in the classical FEA simulation. The results for this 

study do not demonstrate a size effect for the cantilever geometry analyzed. With the experimental error, 

the data matches fairly well with classical behavior for the microbeams tested. Based on previous work, a 

size effect for single crystal copper microbeams was demonstrated for an average beam thickness below 

1 µm (Zhang 2019). The thinnest cantilever used in this study had a thickness of approximately 1 µm. It is 

possible that the beams used in this study were too thick to show a size effect. It should also be noted 

that the error envelope was quite large. If the actual results (exact results without error) were at the lower 

end of the error envelope, a size effect could be demonstrated. If the actual results (exact results without 

error) were at the higher end of the error envelope, the FEA results match the AFM results confirming 

classical theory. Interestingly, the experimental measurements all lie above the average ANSYS simulated 

results. This is most likely due to the error in the AFM measurements. As stated in section 6.2, there is 
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approximately 5% error in the CLFC-NOBO cantilever as well as 5-6% error in the method used to calibrate 

the AFM probes. The positive bias in the data is most likely due to these error sources and does not 

necessarily signify a stiffening in the cantilevers. Additional work needs to be done to conclusively 

demonstrate if a size effect exists. 

8.1 Future Work 

To better demonstrate if a size effect exists, the measurement error must be reduced. This can 

be accomplished in several ways. 

1. The SEM should be calibrated by a technician to ensure the measurements are trustworthy 

2. The cantilever dimensions could be determined by imaging the cantilevers with an AFM since 

AFM’s have sub nanometer resolution. AFM would readily be able to measure the length and 

width of the cantilevers but thickness measurements may be difficult due to sample mounting 

challenges. 

These methods would drastically reduce the measurement error envelope allowing for a more conclusive 

determination of a size effect or lack thereof. 

The grain size could be further reduced to better demonstrate if grains have an effect on the 

mechanical behavior of micro beams. While there were multiple grains along the width and length of the 

cantilever, there generally was only one through the thickness. If the grain size was further reduced, there 

would be multiple grains through the thickness allowing for a more conclusive demonstration of the effect 

of the grain structure. To accomplish this, the sample could be passed through the ECAP fixture more 

times. 

Lastly, a size effect may not have been demonstrated because the cantilevers were too thick. 

Zhang showed a size effect in single crystal cantilevers with a thickness under about 1 µm (Zhang 2019). 
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The average thickness of the thinnest cantilever in this study was approximately 1 µm. In future studies, 

thinner cantilevers should be fabricated. 
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Appendix A – SEM Cantilever Measurement Examples 

The dimensions shown in this section are for illustrative purposes. The dimensions shown in section 5.2 

were averages determined from numerous photos at a variety of magnifications. 

Cantilever A 

Figure 55 - Cantilever A length measurement 
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Figure 57 - Cantilever A width measurement (min) 

Figure 56 - Cantilever A width measurement (max) 
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Figure 59 - Cantilever A close edge thickness measurements 

Figure 58 - Cantilever A far edge thickness measurements 

84 



 
 

  
 

 

 

        

         

Cantilever B 

Figure 60 - Cantilever B length measurements 

Figure 61 - Cantilever B width measurements (min) 
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Figure 62 - Cantilever B width measurements (max) 

Figure 63 - Cantilever B thickness measurements 
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Cantilever C 

Figure 64 - Cantilever C length measurements 

Figure 65 - Cantilever C width measurements 
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Figure 67 - Cantilever C close edge thickness measurements 

Figure 66 - Cantilever C far edge thickness measurements 
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Cantilever D 

Figure 68 - Cantilever D length measurements 

Figure 69 - Cantilever D width measurements 
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Figure 71 - Cantilever D close edge thickness measurements 

Figure 70 - Cantilever D far edge thickness measurements 

90 


	Untitled
	Mechanical Behavior of Polycrystalline Copper Microbeams 
	Date of Degree Conferral: May 2019 
	Department of Mechanical and Aerospace Engineering 
	Acknowledgements 
	Abstract 
	1 Introduction 
	1.1 Equipment used in Micromechanical Studies 
	2 Principles of Grain Refinement 
	2.1 Work Hardening and Recrystallization 
	3 Equal Channel Angular Pressing (ECAP) 
	3.1 Alternative Methods for Grain Refinement 
	4 Electron Backscatter Diffraction (EBSD) 
	4.1 Grain Inspection 
	5 Focused Ion Beam Milling 
	5.1 FIB Milling Procedure 
	SEM Calibration -Horizontal Measurements 
	6 Atomic Force Microscopy (AFM) 
	6.1 AFM Force Sensor 
	7 Finite Element Analysis (FEA) 
	7.1 FEA Model Set-up 
	Cantilever A Stiffness 
	Cantilever B Stiffness 
	Cantilever C Stiffness 
	Cantilever D Stiffness 
	Cantilever A Stiffness 
	Cantilever B Stiffness 
	Cantilever C Stiffness 
	Cantilever D Stiffness 
	8 Conclusions 
	8.1 Future Work 
	9 References 
	Appendix A – SEM Cantilever Measurement Examples 


