
ABSTRACT 

MOERING, JORDAN, ALEXANDER. Unraveling Deformation Mechanisms in Gradient 

Structured Metals. (Under the direction of Yuntian Zhu and Suveen Mathaudhu). 

 

Gradient structures have demonstrated high strength and high ductility, introducing 

new mechanisms to challenge conventional mechanics. This work develops a method for 

characterizing the shear strain in gradient structured steel and presents evidence of a texture 

gradient that develops in Surface Mechanical Attrition Treatment (SMAT). Mechanics 

underlying some theories of the strengthening mechanisms in gradient structured metals are 

introduced, followed by the fabrication and testing of gradient structured aluminum rod. The 

round geometry is intrinsically different from its flat counterparts, which leads to a multiaxial 

stress state evolving in tension. The aluminum exhibits strengthening beyond rule of 

mixtures, and texture evolution in the post-mortem sample indicates that out of plane stresses 

operate within the gradient. Finally, another gradient structured aluminum rod is shown to 

exhibit higher strength and higher elongation to failure in a variety of sample diameters and 

processing conditions. The GND density and microstructural evolution showed no significant 

changes during mechanical testing, and high resolution strain mapping was successfully 

completed within the core of the material. These discoveries and contributions to the field 

should help continue unraveling the deformation mechanisms of gradient structured metals. 
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1 Overview 

1.1 Nanocrystalline Metals 

Ever since the discovery of nanocrystalline metals in the late 1980s, investigating the 

mechanical properties and corresponding deformation mechanism(s) has led to a new 

approaches to create strong, lightweight, and ductile metals which was previously thought to 

be impossible [1]. As is often the case at extremely small length scales, nanocrystalline 

metals (grain sizes less than 100 nm) exhibit a wide variety of sometimes counter-intuitive 

properties which the structural metallurgist seeks to exploit in developing new metals for 

future applications. Because one of the main objectives of a structural metallurgist is to 

create strong and ductile materials, the enhanced mechanical properties of 

nanocrystalline metals are of immediate interest. The unique properties of these materials 

arise due to the length scales over which conventional deformation mechanisms operate. The 

nanocrystalline phase is fundamentally different from conventional, coarse grained metals 

due to the extraordinarily high volume fraction of grain boundaries. In general, plastic 

deformation in metals accumulates via dislocation interaction and annihilation and usually 

smaller grain sizes produce strong metals via Hall-Petch strengthening [2,3]. This mechanism 

is derived from the stress developed by dislocation pileup along grain boundaries that 

reduces plastic flow proportionally with the degree of grain refinement. This relationship 

means that smaller grain sizes often lead to greatly reduced ductility, as the crystallites within 

the sample exhibit little to no strain hardening. However, the Hall-Petch relationship has 

been experimentally disproven in the nanocrystalline and ultrafine grained regime, as grain 
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boundary rotation and sliding, deformation twinning, grain boundary emission of 

dislocations, and other strain accumulation schemes begin operating, most of which are 

poorly understood [4,5].  

 

 

Figure 1.1 Flow stress dependency on grain size, showing deviation from the ideal Hall-

Petch relationship in the nanocrystalline regime (grain size < 100 nm). 

 

Therefore, opportunity exits to utilize the unique properties of nanocrystalline metals 

to improve both strength and ductility simultaneously [6]. One of the most well-known 

examples of this paradoxical improvement of mechanical performance is in nanocrystalline 

copper where the reduced grain size causes new deformation mechanisms to operate. Chiefly, 

deformation twinning is enhanced, causing improvement in both strength and ductility at the 

same time [7].  
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1.2 Severe Plastic Deformation 

There are a wide variety of synthesis techniques that can be used to create 

nanocrystalline metals. Severe Plastic Deformation (SPD)   is the name given to procedures 

by which coarse grained materials are repeatedly strained by a variety of techniques to 

produce ultrafine grained (UFG), nanocrystalline, or amorphous materials [8,9]. This class of 

procedures includes High Pressure Torsion (HPT), Ball Milling, Accumulative Roll Bonding 

(ARB), Equal Channel Angular Extrusion (ECAE), and Surface Mechanical Attrition 

Treatment (SMAT) among others. Although the techniques differ, the general grain 

refinement process in three stages. First, dislocations begin accumulating by becoming 

entangled with other dislocations formed within a grain. These tangled dislocations gradually 

form dense walls, or dislocation “cells” that extend from one side of a grain to another. The 

second step in the refinement process occurs when the dislocation cells become more refined 

subgrain boundaries, where ~2 degrees of crystallographic misorientation is found across the 

subgrain interface. The last step in the nanocrystallization process occurs when the subgrain 

boundaries form low angle (10 degrees) grain boundaries. Additional strain accumulates 

along the grain boundaries to form more regular high angle (15 degrees) grain boundaries. 

This last step leaves the material in a nanocrystalline state with grains more or less free from 

internal strain as the energy requirement to store dislocation within the grain becomes 

prohibitively high.  These steps are, however, a broad generalization of the 

nanocrystallization process. Variables such as the stacking fault energy, alloy composition, 

and numerous other factors affect the thermodynamics and kinetics of the refinement and 
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recovery processes that must be balanced to form a nanocrystalline phase [4]. An exhaustive 

list of factors affecting the degree and effectiveness of grain refinement will not be given 

here, but relevant factors will be discussed in later sections as it pertains to specific materials. 

However, it is sufficient to say that although SPD techniques themselves differ, they all 

confine the samples while inducing plastic deformation, which causes enormous dislocation 

accumulation within the grains of the metals. 

Of the aforementioned techniques, SMAT is industrially scalable, effective in many 

metals, involves simple laboratory equipment, and has been widely studied. The technique 

shares many similarities with conventional shot peening, but larger balls, higher impact 

energies, and longer processing times are typically used [10–14]. 

 

 

Figure 1.2 (a) Small balls used in the SMAT process are accelerated and impact the sample 

in random directions. (b) Subsequently, the repeated impacts induce severe plastic 

deformation at the surface of the sample. 
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 In essence, the SMAT process involves repeatedly impacting the surface of a metal 

in a randomized fashion, which causes the surface to accumulate enormous dislocations. The 

end result is that the process creates a nanostructured surface that gradually transitions to the 

coarse grained, undeformed matrix. The degree of grain refinement can be quite pronounced, 

often to grain sizes <10 nm, or even to the amorphous regime. The depth of this 

nanostructured layer often extends to depths of 50 micrometers, although this value varies 

widely with different processing conditions.  

 

Figure 1.3 Schematic showing arbitrary increases in strain and strain rate within gradient 

structures created by SMAT [10]. 

 

However, in all cases the SMAT process allows a unique approach to study a single 

sample that possess many different grain sizes and degrees of accumulated strain. 

Unfortunately, much of the previous work sums to a qualitative understanding of how the 

SMAT process affects materials. This makes it very difficult to compare the microstructural 
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and mechanical properties of SMATed materials to other SPD literature. As a result, 

quantitatively characterizing the effect of SMAT on the microstructure and mechanical 

properties along the gradient is of immediate scientific interest. Finally, the SMAT 

process creates a unique “gradient structure”, whose global mechanical performance provides 

exciting avenues for improved strength and ductility.  

 

1.3 Gradient Structures 

1.3.1 Introduction 

As we have seen, the nanocrystalline regime offers many unexpected deformation 

mechanisms that are intrinsically different from their coarse grained counterparts [14–22]. 

This mismatch of mechanical properties presents the opportunity to develop composite 

metallic systems where synergetic interactions may be exploited. For example, in carbon 

fiber composites, the high strength carbon fiber is embedded in a more ductile epoxy resin 

which can be optimized to create a strong, tough material for structural applications. 

However, unlike traditional composites, the gradient structured metals possess no sharp 

interfaces, which is one of the major weaknesses of composites. This is because in gradient 

structures, the ultra hard nanocrystalline region is completely coherent, via gradual 

microstructure variation, with the coarse grained region. As a result, the competing 

deformation mechanisms are forced to interact and compete during loading of the composite 

gradient structured metal. Due to this complex interaction, several theories have been 

proposed to explain the mechanics governing deformation of gradient structures.  
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Figure 1.4 (a) Gradient structured IF Steel shows an improvement of ~2.5x in yield strength 

without significant ductility loss while (b) gradient structured copper shows both higher 

strength and higher elongation to failure [14,16]. 

 

1.3.2 Multiaxial Stress State Evolution 

One theory that explains high strength and high ductility is the development of a 

multiaxial stress state that develops during tensile testing of a gradient structure. This 

multiaxial stress state is theorized to create more geometrically necessary dislocations, which 

thereby enhance strain hardening within the gradient [15,16]. When a gradient structure is at 

low strains of a uniaxial tensile test, both the coarse grained interior and nanocrystalline 

surface should be in the elastic region of their respective stress strain curves. Therefore, the 

entire gradient deforms in the same manor. However, above a certain strain threshold, the 

coarse grained interior will experience a stress greater than its respective yield stress, while 

the surface, by virtue of its high strength, will continue deforming elastically. Therefore, two 

competing deformation mechanisms are at hand within the gradient itself. The interior region 
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will attempt to contract, which puts the surface into compression, necessarily creating a 

multiaxial stress state within the gradient. At very high strains another mismatch occurs 

along the gradient as necking will begin in the surface layer, while the interior layer has not 

reached necking strains. Now the multiaxial stress will be reversed with the receding surface 

layer being balanced by the stable plastic core.  

 

 

Figure 1.5 Schematic exaggerating the non-uniform deformation arising from the mechanical 

mismatch of competing layers within the gradient structure. (a) elastic deformation causes no 

stress gradients, (b) at low strains the interior will begin plastic deformation until (c) necking. 

 

The net result of this mechanical mismatch within the gradient causes multiaxial 

stress states to develop in uniaxial tension which can develop unexpected tensile properties. 

The out of plane stress evolution has mainly been studied in flat samples, though early work 

on plasticity of composite metals suggested similar multiaxial stresses would develop in 

round samples [23]. Unfortunately, the interaction of the nanocrystalline regime and coarse 

grained interior under loading has not been systematically investigated, and is very poorly 

understood. There has been some evidence in flat samples to support this theory, since post-

mortem analysis of the flat gradient sample showed dilation across the gradient not present in 
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the coarse grained counterpart [15,16].  Finite Element Analysis of a gradient structure 

showed very similar results, with a multiaxial stress gradient developing during tension [24]. 

Other than these observations, very little experimental evidence has been presented to 

explain the mechanical behavior and deformation mechanisms within the gradient layer. 

 

1.3.3 Cascading Dislocation Model 

 While the previous studies examined the interaction and competing deformation 

mechanism between different layers within the gradient, another theory suggests that plastic 

deformation causes plastic deformation to begin in the coarse grained core and then expand 

outwards, suppressing strain localization and enhancing dislocation accumulation within the 

gradient [21]. This mechanism suggests that initially, plastic deformation begins in the 

interior, where the onset of plastic deformation begins at low tensile strains. At higher 

strains, the plastic deformation front begins moving outward through the gradient, inducing 

cold work and hardening as it progresses. Because the strain accumulation is occurring 

within the coarse grained region, strain localization is suppressed at the surface. Therefore, 

the coarse grained region becomes hardened, while the surface becomes softened during 

tensile testing of the gradient structure according to this theory. Early evidence of this theory 

was shown via softening of the surface in post mortem analysis, and some computational 

modeling has predicted a gradient in geometrically necessary dislocations [14,24]. Further 

evidence of this theory was observed by comparing microhardness and grain sizes across 

gradient structured copper before and after tensile testing [21]. After testing, this grain size 
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increase led to a reduction in microhardness from 1.6GPa to 1.2GPa and was accompanied 

by an enhanced texture along the tensile direction.  Although grain growth of metastable 

nanocrystalline grain is usually a thermally driven process, strain induced grain growth has 

been observed, primarily in nanocrystalline aluminum [25–27]. However, no other studies in 

the gradient structure literature have observed similar results, though this does not preclude 

this mechanism from operating in addition to others reported here. Additionally, the 

experimental evidence used to support this claim comes from the necked region of the 

gradient structure, which is beyond the strain of uniform elongation. As a result, majority of 

the plastic behavior of gradient structures has not been studied relative to this mechanism. 

Because the magnitude of this effect has not been quantified, its effect on gradient structure 

plasticity cannot be deduced relative to other deformation mechanisms known to operate 

within the gradient.  
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Figure 1.6 Strain induced grain growth and corresponding softening which accounts for 

extraordinary strengthening observed in gradient structured nanocrystalline copper [14,22]. 

 

1.3.4 Residual Stress Effect 

 One often overlooked effect in the field of gradient structures is the effect of residual 

stresses on the tensile properties of the gradient structure. In the field of ceramics, residual 

stresses are often used to improve the toughness of glass, and a similar effect has been seen 

in a pseudo-gradient structured metallic glasses [28,29]. In the latter case, shot peening of the 

tensile sample led to a tensile surface stress, causing an improvement in uniform elongation 

from 10% to 23%, accompanied by improvements in yield and tensile strengths [28]. In 

conventional metals, gradient structured nickel exhibited compressive stresses three times 

higher than the yield strength at depths 150 mm from the surface [30–32]. The compressive 

stress field extended to depths >500mm and led to yield strength improvements of ~2x. 

Finite Element Modeling indicated that 40% of the strengthening was caused by the residual 
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stresses, while the remaining 60% came from work hardening. It is well known that the 

SMAT process inherently creates high compressive residual stresses at the surface and that 

this stress gradient is very similar to that created by conventional shot peening [33–37]. 

Considering the correlation between yield strength and compressive residual stresses found 

in shot peening, some strengthening effect should be expected in gradient structures [35]. 

            If the compressive stresses are sufficiently high at the surface of the gradient 

structure, then it must be balanced by a residual tension stress within the interior matrix. As a 

result, when deformed in uniaxial tension, the tensile stresses quickly exceed the yield 

strength of the material, causing the interior to begin plastic deformation, while the surface is 

still deforming elastically. This low strain non-uniform deformation has been predicted to 

reduce the elastic modulus, and causes a strain gradient to develop prior to yielding [30]. 

Once both regions are deforming plastically, the residual stress has a negligible effect on 

plasticity relative to other mechanisms [38,39]. 
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Figure 1.7  Finite Element Modeling of the evolution of residual stresses induced by SMAT 

at various tensile loads before and after the onset of plastic deformation [30]. 
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1.4 Plasticity and Texture  

 Crystallographic “texture” is generally defined as the preferred orientation or 

orientations in a material [40]. As most materials are comprised of individual crystallites or 

grains, the orientation of these grains can have profound implications for material properties, 

particularly if the degree of texture is pronounced. This is important because texture can give 

rise to anisotropic properties from materials with isotropic crystallites. One of the most 

common examples of texture induced anisotropy is in drawing of aluminum cups. Face 

centered cubic (FCC) Aluminum is highly symmetric and generally does not produce great 

anisotropic properties along any crystallographic direction [41,42]. However, after rolling, 

the material becomes highly textured with preferred orientations aligning with the rolling 

direction and transverse direction. After cup drawing, the plastic flow of material produces 

“ears” in the aluminum cup corresponding to the previous deformation routes [43]. Similarly, 

one dimensional loading like wire drawing produces a single axis of symmetry and a “wire 

texture” [41]. Although complicated, texture evolution by means of plastic deformation is 

worth introducing in some detail as it will be important in later chapters. 

 

1.4.1 Slip in Single Crystals 

 Single slip in metals occurs on the close packed plane and close packed direction 

within a single crystal. When a sufficient load is applied, the projection of the applied stress 

onto a given slip system is needed to determine which system will operate:  
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𝑚𝑠: 𝜎𝑐 = 𝜏𝑠 

Where the inner product ms:𝜎c is the projection of the applied stress onto a given slip system, 

giving the necessary critical resolved shear stress to operate slip, 𝜏s. This dependence of slip 

on the shear stress gives rise to the Schmid Law 

𝑚 = 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆 

Where m is the so-called Schmid Factor, ϕ is the angle between the slip direction and applied 

stress and λ is the angle between the applied stress and glide plane normal. From this model, 

the Schmid factor has a maximum value of 0.5 corresponding to the slip plane normal and 

slip direction both lying 45 degrees from the applies stress. It is clear from this construction 

that the operating slip system is strongly dependent on both the direction and magnitude of 

stress that loads a crystal.  

 

 

Figure 1.8 Cartoon showing the relationship between an applied stress, 𝜎u, and its angles 

relative to the slip plane and direction. 



16 

 

 

 

 

1.4.2 Slip in Polycrystalline Metals 

In polycrystalline metals, the kinematics of slip are far more complicated due to the 

interaction between grains, and the lower shear stresses induced on preferred orientations 

relative to the direction of applied stress. This causes some grains to undergo multiple slip 

before others due to the lower critical resolved shear stress. At the same time, plastic 

deformation requires that grains deform coherently. Under these constrains the Taylor factor 

was derived, which only considers the component of the slip system that does work.  

𝑀 =
𝜎𝑐

𝜏𝑐
 

Where M is the so-called Taylor factor, 𝜎c is the relative strength of the crystal and 𝜏c is the 

shear stress on a given slip system [44]. Essentially, the Taylor factor predicts the readiness 

for slip within a single grain, where higher Taylor factors imply a high strength in a given 

loading direction for a given slip system. Using the Taylor model, texture evolution, and the 

effect of texture on mechanical properties has been mapped for a wide variety of metals 

[43,45–47]. Because rarely does slip occur only on one slip system in one direction, the 

crystallographic transformation a crystallite undergoes will be accompanied by a lattice 

rotation. Understanding multiple slip and its effect on reorienting the crystallography of a 

grain will be important for this work.  
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1.4.3 Dislocation Type 

In 1952, Nye published his seminal work on statistically stored dislocations (SSDs) 

and geometrically necessary dislocations (GNDs)[48].  Although both SSDs and GNDs 

contribute to the total dislocation density, the GNDs are defined as the dislocations remaining 

when constructing burgers circuits with the deformed metal. The so-called Nye Tensor, αij is 

the dislocation density tensor and is constructed using these burgers circuits within a 

dislocated crystal.  

𝛼𝑖𝑗 = ∑ 𝑏𝑖
𝑡𝑙 𝛿(𝑥 − 𝑥𝑡)𝑗

𝑡

𝑡

 

Where dislocations are described by their burgers vector, bt, their line vector, lt is the burgers 

vector at position xt. This derivation was extended for GNDS where the Nye tensor can be 

reduced in the absence of elastic strain, to 

𝛼𝑖𝑘 = 𝑘𝑘𝑖 − 𝛿𝑘𝑖𝑘𝑚𝑚 

Where Kki is the curvature tensor of the lattice [49,50] . From a crystallographic perspective, 

this curvature tensor indicates that GNDs manifest themselves as a lattice rotation within a 

grain. On the other hand, the SSDs represent a pair of dislocations with opposite burgers 

vectors, which causes their net strain to accumulate to zero. GNDs are important because 

they accumulate in part to maintain coherency between grains during plastic deformation 

[50]. Because GNDs develop in the presence of strain gradients, they can be used to 

characterize non-uniform plastic deformation [50,51]. In fact, gradient structures are known 

to exhibit high volumes of GNDs at the deformed surface,  before and after tensile testing, 

which may provide clues to the deformation mechanism [16,24,52–54]. Interestingly, there 
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has been tremendous headway made in the field of high resolution EBSD in reconstructing 

not only the GND density, but the entire Nye tensor across mapped regions [55–58]. These 

developments and their application will be discussed in future chapters. 

 

1.4.4 Texture Interpretation 

 Interpreting texture is often done using pole figures, inverse pole figures, or using the 

orientation distribution function (ODF). All of these presentation methods are designed to 

relate the crystallographic indices, or Euler angles (ψ, ϕ, θ) of the crystallites to physical 

indices (x, y, z), making their direct interpretation challenging. In general, the pole figure and 

inverse pole figures are simplest to visualize. Pole figures project a single crystallographic 

orientation onto a sphere of “real space” coordinates x, y, and z. This construction is made 

for different crystallographic directions, typically those with the highest symmetry. 

Alternatively, the inverse pole figure projects all crystallographic orientations onto a single 

slice of the stereographic projection along the real space axes x, y, and z. 

 Another reason texture is of interest to current lines of research is due to the 

extraordinary lack of information available about texture evolution in the 

nanocrystalline regime [59]. Often, nanocrystalline regions are presented as “randomly 

oriented” which is statistically highly improbable in the field of texture analysis. The few 

studies investigating texture as it relates specifically to SPD suggest conflicting findings. In 

HPT, both a diffuse, random texture and a very strong wire texture are reported for pure Ni 

[60]. ECAE on the other hand, appears to generate strong textures in the UFG regime that 
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weaken as the grain size approaches 100 nm [61]. In SMAT, it appears that the texture can be 

both strengthened and weakened depending on the material and grain size of the region of 

interest [62,63].  Considering the variety of deformation mechanisms operating at the nano-

scale and the enormous implications texture anisotropy has on mechanical performance, 

investigations in this field are of immediate importance to the scientific community. 

 

1.5 Motivation 

As is often the case in science, exciting laboratory results are often published without 

undergoing systematic investigation of the mechanism leading to the unexpected behavior. It 

is much easier to find a scientific curiosity than it is to definitively pin down the underlying 

principals at hand. In the SMAT literature, this convoluting effect has been compounded by 

proprietary equipment that prevents new researchers from evaluating the findings, making 

experiments all but impossible to reproduce. For example, in an overview of the SMAT 

process, the accelerating frequency ranges from 50 Hz to 20,000 Hz with ball sizes ranging 

from 1mm to 10 mm [10]. Instead of listing arbitrary experimental conditions, it is the 

opinion of the author that more fundamental material properties should be used to study the 

SMAT process. As a result, the first objective is to systematically investigate the SMAT 

process and its effect on metallic systems. 

Because the deformation mechanisms of nanocrystalline metals are poorly 

understood, the interaction of these nanocrystalline regimes with their coarse grained 

counterparts is a field of study that is in its infancy. The interaction between the various 



20 

 

 

 

 

regions within a gradient structure presents a complex multi-scale problem where no current 

model of mechanical behavior is sufficient. However, an understanding of the governing 

mechanisms may be developed by investigating the dislocation accumulation and 

crystallographic relationships that evolve within the gradient. Therefore, the second 

objective of this work is to investigate the microstructural evolution of gradient 

structures under load. 
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2 Synthesis and Characterization 

2.1  SPEX Milling of Flat Samples 

The first equipment that was used for generating SMAT microstructures was a system 

that employed an ultrasonic horn that resonated at 20kHz to accelerate 3mm balls within a 

confined chamber. It was quickly discovered that this system induced nanocrystalline layers 

in very small regions and was only effective for systems with low stacking fault energies like 

brass and austenitic stainless steels, or with certain second phases [13,64]. Despite numerous 

processing schemes, conventional metals like aluminum, steel, copper, and iron did not 

develop nanocrystalline surfaces. It was determined that the impact energy was not high 

enough, and that by using larger balls (which were not accelerated in the SMAT machine due 

to the high frequency) more impressive gradient structures could be produced. In fact, some 

of the earliest SMAT successes in literature were with larger balls and lower impact 

frequencies [65].  
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Figure 2.1 (a) Cross sectional FIB image of 99.9% Iron SMATed for 15 mins at 20kHz 

showing very little grain refinement at the surface. (b) TEM confirms that the grain size is 

not significantly reduced at this condition. 

 

Due to these reasons and others, it was determined that a SPEX mill, typically used 

for milling powders, may be suitable for replicating SMAT research without building new 

equipment. The 8000M Mixer/Mill SPEX machine holds an enclosed vial that shakes in 

multiple directions at 1060 cycles per minute. By replacing the hardened steel lid with a plate 

of metal, the enclosed balls rapidly peen the surface with a large number of impacts, which is 

directly related to the number of balls. This technique has been used by other researchers to 

study nickel, aluminum, and iron in a similar fashion [66–68]. As will be shown in following 

chapters, this procedure greatly improved the depth of the gradient, the degree of grain 

refinement, and the hardness of the surface layer tremendously. 
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Figure 2.2 (a) the SPEX vial typically used for high energy ball milling of powders. (b) 

Replacing the lid with a plate of a material naturally creates SMAT microstructures. 

 

2.1.1 Effect of Ball Size 

 Although some systematic studies have been used to optimize the SMAT conditions, 

there is little information on practical considerations for generating nanostructured gradient 

structures in the lab. Therefore, it was important to develop a high level general knowledge 

of the effect of various conditions on the SMAT microstructure. Aside from variations in ball 

composition (only stainless or hardened steels were used in these studies), the size of the ball 

is directly proportional to the energy imparted during impact. Because the frequency of 

oscillation is fixed in a SPEX mill, the ball size is the only variable affecting the imparted 
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energy. First, a plate of a general low carbon steel was SMATed for 60 minutes using balls 

1/8” in diameter and then another identical plate was SMATed for 60 minutes using balls 

1/2” in diameter. Cross sectional samples were imaged using Scanning Electron Microscopy 

(SEM) to determine the depth of the deformed region. 

 

 

Figure 2.3 (a) Low carbon steel SMATed for 60 minutes using (a) 1/8” stainless steel balls 

and (b) 1/2” stainless steel balls. 

 As can be seen, the larger ball size shows a deeper deformed layer at the surface of 

the sample, as evidenced by the bending of the cementite (white colored) grains. Roughly 

speaking, the deformed region was calculated at 100 micrometers deep for 1/8” balls and 500 

micrometers deep for 1/2” balls. The surface was also considerably rougher for larger balls. 

However, it was difficult to discern grain size using SEM due to the poor quality of etched 
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surfaces. Therefore, the top surface was analyzed using Focused Ion Beam (FIB) where grain 

contrast arises due to the crystallographic orientation with the ion beam. 

 

 

Figure 2.4 Higher magnification ion channeling contrast of the very top SMAT surface 

processed for 60 minutes with (a) 1/8” stainless steel balls and (b) 1/2” stainless steel balls. 

 

 Interestingly, the ball size did not appear to have a great effect on the degree of 

nanocrystallization at the surface of the SMAT sample. In both cases, the grain size is in the 

UFG regime with local regions exhibiting smaller grain sizes.  
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2.1.2 Processing Time 

 Clearly, the degree of deformation must be enhanced with increasing processing time, 

although the depth of the deformed layer does not appear to be significantly altered. This is 

evidenced by the bending of cementite grains approaching the surface of the sample. At 

higher magnification, it is apparent that the length of processing time decreased the grain size 

at the surface as well. Discussions of this effect will be expanded in following chapters. 

 

 

Figure 2.5 Low carbon steel SMATed with 1/2” stainless steel balls for (a) 30 minutes (b) 

120 minutes. 
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Figure 2.6 Higher magnification ion channeling contrast of the very top SMAT surface of a 

low carbon steel processed with 1/2” stainless steel balls for (a) 30 minutes and (b) 120 

minutes. 

 

2.2 SPEX Milling of Round Samples 

 The SPEX vial provides a simple and effective tool for creating gradient structures, 

but round samples require continuous rotation to avoid non-uniform deformation. Therefore, 

a new vial had to be created capable of generating SMAT microstructures on round samples. 

Although various permutations and equipment configuration were attempted, a custom vial 

resembling a standard SPEX vial with a hole drilled through the side was sufficient for this 

research. Because the SPEX process creates complex vial movements and ball dynamics, the 

oversized hole through the vial allowed the round samples to naturally rotate during 

processing. For most of this work, ten 1/4” stainless steel balls were used in the processing, 

and it was observed that round samples were uniformly peened (100% coverage) after 45 
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seconds using these conditions. Future modifications to the vial will need to include bearings 

for fixing the sample  within the vial as the tolerance needed for sample rotation also causes 

some of the energy of the ball impacts to be lost. 

 

 

Figure 2.7 (a) A custom SPEX vial used to process round samples. (b) An aluminum rod 

after SMAT processing in the vial for 5 minutes. 
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2.3 Introduction to EBSD 

  EBSD is a unique tool that couples high spatial resolution, with rich crystallographic 

detail in a single data set [69]. Prior to its commercialization, TEM or high resolution SEM 

were the usual tools needed for microstructural analysis at the nano scale, but these tools 

lacked crystallographic information. On the other hand, X-ray diffraction provided very 

precise data on the texture, lattice parameter, and orientation relationships, but produced data 

from a large volume of material. In EBSD, the electron beam is rastered across the sample, 

causing the ejection of elastically and inelastically scattered electrons, which are collected by 

the various detectors in the microscope. When the sample is tilted to ~70 degrees, the 

incident electron beam ejects elastically scattered electrons at Bragg conditions, forming a 

pair of Kossel cones that corresponding to the miller indices of the diffracting planes. The 

intersection of the Kossel cones with the phosphor screen causes the Kikuchi lines to appear. 

After performing a Hough transform on the collected pattern, the Kikuchi lines are indexed. 

The relationship between the unit cell coordinates (h,k,l) and real space coordinates (x,y,z) 

are given by the Euler angles (ϕ1,Φ,ϕ2). By calculating the Euler angles across a scanned 

region, EBSD is able to acquire both high spatial resolution, and rich crystallographic data 

simultaneously 

 There are countless types of analysis that are possible with an EBSD data set. The 

pole figures, inverse pole figures, and Orientation Distribution Function (ODF) can be easily 

constructed. It is also possible characterize high angle and low angle grain boundaries, in 

addition to Coincident Site Lattice (CSL), and twin boundaries. Various texture components, 
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including the Schmid Factor and Taylor factor can be plotted for various grains, and 

qualitative strain analysis can be conducted by analyzing the pattern quality, which degrades 

for highly strained regions.  

 

2.4 Strain Analysis using High Resolution EBSD 

 The Kikuchi patterns used in EBSD are affected by both plastic and elastic strain, so 

there have been numerous attempts to utilize this data to quantify strain in metals. Both 

elastic and plastic strain will affect the pattern quality, and this phenomenon has been used to 

qualitatively map strains by simply quantifying the contrast or blur of the pattern [70]. Elastic 

strain causes the unit cell to be distorted, which in turn can change the spacing and position 

of the Kikuchi bands on the phosphor screen. The lattice parameter shift is usually measured 

by XRD, but some strain sensitivity on the order of 2x10-4 have been reported, allowing 

small changes to be measured [70–73]. 
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Figure 2.8 Kikuchi patterns can be rotated or skewed in the presence of elastic strain, 

schematically shown here with a perfect lattice (black) overlaid onto a distorted lattice (red) 

[56]. 

 

In misorientation mapping, the relative shifts of the Euler angles within a grain are 

used to characterize the plastic strain. By using cross correlation to quantify the subtle 

deviations in Euler angles between adjacent pixels, six components of the curvature tensor 

can be quantified, leading to five components of the dislocation density tensor, α12, α13, α21, 

α23, and α33 [74]. The magnitude of the strain is very sensitive to acquisition parameters, but 

this relationship has been successfully used to plot local misorientations in a variety of metals  

[52,56,75]. For more accurate strain mapping, the cross correlation methods require a 

reference pattern to compare with collected patterns. As a result, there are two mindsets for 

how to collect a good reference. The simpler method is pick a reference pattern within a 

given grain as the unstrained pattern. There is commercial software available for this type of 

analysis, and strain sensitivities of 2x10-4 have been reported with this technique [55,70,76]. 

However, the strain calculated is actually relative, as in the case of severely deformed metals, 



32 

 

 

 

 

the software will still pick a reference pattern as unstrained. Another method is to simulate a 

strain free reference pattern using kinematical scattering theory [57,58,71]. This type of 

analysis provides more accurate results, but requires extensive simulation of experimental 

variables like aberrations, and pattern centering errors.  

 

 

 

Figure 2.9 When an incident beam interacts with a dislocated crystal, the locally strained 

region around the dislocation core will produce slightly different Kikuchi patterns, shown 

here. This effect is very pronounced over regions with high dislocation density, like a grain 

boundary or slip band, causing poor pattern quality [56]. 
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Strain analysis with EBSD provides a valuable tool in characterizing microstructural 

evolution in plastically deformed metals. Although still in its nascency, the technique has 

demonstrated successful mapping of the Nye and strain tensors along with GND density is a 

variety of materials including IF steel, aluminum, copper, and silicon [52,55,72,76]. Because 

non-uniform deformation is theorized to develop during tension of the gradient structure, and 

because residual stresses have been shown to profoundly affect tensile plasticity, strain analysis 

must be utilized to unravel the deformation mechanisms in gradient structured metals. In 

addition, because the gradient structure consists of a relatively strain free interior uniformly 

bound to a highly strained surface, the accuracy of the various strain mapping procedures can 

be assessed. 
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3 Flat Gradient Structures 

3.1 Introduction 

 The SMAT technique is ideal for systematic investigations of gradient structures due 

to the gradients in strain, strain rate, hardness, grain size, and hardening mechanisms 

throughout the deformed layer. In order to refine grain sizes to the nanometer scale, large 

strains and strain rates need to be applied [12,77,78].  It is well known that the shear 

component of the applied strain is directly correlated with dislocation slip and microstructure 

evolution. However, quantitatively mapping a single component of the strain tensor is 

challenging [79–81]. Markers and photographic evidence have been reported to extract the 

effect of shear strain on microstructure evolution, but they are not suitable for measuring 

shear strain in SMAT, due to the complexity of the process [82].   

In this work, cementite bands are used as internal markers to quantify the shear strain 

at various depths of the surface, which is the first time shear strain has been quantitatively 

mapped in SMAT-processed samples. Additionally, the texture evolution is systematically 

characterized, which has rarely been studied in SMAT-processed structures but profoundly 

affects mechanical behavior [40,62,63,83]. The observations from this work elucidate the 

effect of shear strain on the development of texture gradient, microstructure gradient, and 

microhardness gradient in the SMAT-processed samples.  
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3.2 Experimental Procedure 

Normalized steel plates with a composition of 0.14% C, 0.33% Si, 1.44% Mn, 0.08% 

Cr, 0.03% Ni, and balance Fe was used for this study. Samples were cut along the rolling 

direction so that the SMAT treatment would take place normal to the rolling direction. The 

pearlite was agglomerated into bands normal to the SMAT surface. The SMAT process was 

carried out using a SPEX 8000M Mixer/Mill by replacing the lid of the vial with ¼” thick 

plates of the sample to be treated. Samples were polished to 1200 grit, sealed in ambient 

atmosphere, and processed with three ½ 440C steel balls for 30, 60, and120 minutes. 

Profilometry revealed that the roughest surface was the sample processed for 120 minutes 

and was roughened to an Ra of 8.8 m after treatment. After treatment, cross-sectional 

samples were Ni-plated to protect the surface microstructure from edge rounding when 

polishing, and were imaged using a JEOL 6010LA Scanning Electron Microscope (SEM) at 

20kV. Microhardness measurements were undertaken by averaging Five hardness 

measurements at each depth with a Mitutoyo Microhardenss Testing Machine Model HM-11 

with a Vickers diamond indenter at a load of 0.05N. Grain size measurements were 

performed using the line intercept method from micrographs collected from the dual Beam 

FEI Quanta 3D FEG, the JEOL 2010 F Transmission Electron Microscope. Samples were 

prepared for EBSD imaging by conventional polishing followed by ion milling in a Fischione 

Ion Mill (Model-1060) at 5kV and 5 tilt for 45 minutes.  An Oxford EBSD detector installed 

in the dual Beam FEI Quanta 3D FEG was used for collecting images. 
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3.3  Strain Analysis 

 Experimentally measuring a single component of the strain tensor is not a trivial 

matter. Attempts to discern the shear component of the tensor in severe plastic deformation 

processes have been undertaken primarily by simulation or calculation [12,79,81,84]. 

Experimentally, an imbedded pin method has been used to measure shear in accumulated roll 

bonding, where the interface of the pin can be used to map the shear strain, but this is not 

suitable for SMAT structures [82]. In normalized low carbon steels, clear bands of pearlite 

along the rolling direction (-iron + Fe3C) and ferrite (-iron) naturally act as markers in the 

microstructure and since the plates were cut normal to the rolling direction, these bands were 

perpendicular to the SMAT surface. 
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Figure 3.1 Grid overlay used to partition the SEM cross section of the SMAT microstructure 

for shear strain analysis. Note the surface is tilted in order to align with the grid and collect 

accurate measurements. 
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  Because the shot impacts from SMAT repeatedly induce plastic flow in the surface, 

the top deformed layer is theorized to undergo high shear strains [13]. Therefore, simply 

mapping the slope of the deformed pearlite bands could yield the accumulated shear strain 

induced at various depths of the SMAT surface. First, a grid with 100 m blocks was 

overlaid onto the micrograph seen in Figure 3.1. Then, the average slope was measured in 

each of these regions to calculate the average shear strain at various depths. In this way, the 

shear strain plotted at 50 m, 150 m, 250 m, etc. represents the average shear strain at 

each 100 m interval.  The result indicates that the shear strain increases exponentially near 

the surface, which is visually apparent in the cross-sectional SEM micrograph. A simple 

exponential fit (R2 = 0.97) was applied to the data in order to estimate the shear strain at 

discrete depths from the surface. Extrapolation of this data was used to estimate the shear 

strain at depths less than 100 m but it is not clear how big the error is from such an 

extrapolation. Surprisingly, in the 120 minute processed sample, the average measured shear 

strain at a depth of 50 m is 90, and the extrapolated shear strain in the top 10 m is 119, 

which is in the realm of shear strains measured in accumulated roll bonding and chip 

processing, as well as high pressure torsion [79,85]. Note that in the very top surface, e.g. at 

layer thickness close to the roughness, the current strain measurement may significantly 

underestimate the shear strain. 
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Figure 3.2 (a) An SEM image of the as-received SMAT surface. The inset shows how the 

slope of the cementite bands was measured in order to calculate shear strain γ. (b) The 

resulting data calculated at various depths showing a clear exponential increase in shear 

strain approaching the surface of the SMAT gradient [86]. 

 

 One of the variables affecting microstructure development is processing time – 

specifically, the number of redundant impacts on a surface. In the shot peening literature, the 

term “coverage” is used to indicate what fraction of the virgin material was deformed by shots. 

Using 3 1/2” balls in the SPEX mill, this time was roughly 60 seconds.  Therefore, samples 

processed for 30 minutes experienced roughly 30 redundant impacts at each location, and 

samples processed for 120 minutes experienced roughly 120 redundant impacts at each area. 

In cross section, the images showed clear microstructural evolution with more cementite 

bending with longer processing times. 
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Figure 3.3 SEM cross sectional images of low carbon steel processed with ½” balls for (left) 

30, (middle) 60, and (right) 120 minutes. 

 

 

 

Figure 3.4 Shear strain estimates collected from the grid overlay method outlined previously. 

Shear strain evolves exponentially approaching the surface, shown here plotted on a log 

scale. 



41 

 

 

 

 

3.4 Microstructural Analysis 

Once the shear strain was calculated, grain size and microhardness measurements 

could be plotted to determine their relationship. Since the sample processed for 120 minutes 

showed the greatest shear strain, it was the only sample to be analyzed with grain size and 

microhardness analysis. Grain size was calculated using the line intercept method on EBSD, 

FIB, and HRTEM images at various depths within the sample. The figure below shows these 

relationships and a corresponding FIB micrograph of the gradient structure at the surface. 

Both hardness and grain size show a strong dependency on the shear strain, and the Hall-

Petch plot shows slight deviation from the ideal linear trend. 
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Figure 3.5 (a) A cross sectional FIB image of the SMAT gradient extending to depths greater 

than 500 µm, (b) the strong linear dependence of microhardness on shear strain, (c) the 

dependence of grain size on shear strain, and (d) the microhardness approximately follows 

the Hall–Petch relationship [86]. 

 

This represents the first time that shear strain has been quantified in SMAT gradient 

structures. Although this analysis was not conducted for samples processed for times shorter 

than 120 minutes, it is expected that the hardening and grain size reduction relationship 

would be similar, since the effects of processing time have shown this relationship in other 

materials [10,77,78]. One interesting result is that at the top surface, with shear strains 

approaching 120, the average grain size appears to deviate from the linear trend. This region 

represents the nanocrystalline surface, which has often been reported to exhibit grain sizes 

<100 nm for 5-50 micrometers [13,64,78]. In the nanocrystalline regime, mechanisms 
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governing the hardness and plasticity can differ from those in the coarse grained or ultrafine 

grained regions, so this well-defined nanocrystalline region is sometimes attributed to this 

phenomenon [10]. However, in steel, the presence of two phases can cause different 

nanocrystallization processes to occur given the interaction of the soft -iron and hard Fe3C 

phase [13,65,81,87]. When the grain size of the -iron is reduced to the nanocrystalline 

regime, the hardness is dramatically improved, approaching that of the Fe3C phase, which 

causes non-equilibrium microstructures to be developed including -iron with a 

supersaturation of carbon, or even FCC -iron [65,79]. Therefore, a microstructural gradient 

with respect to volume fraction of -iron and Fe3C was expected to shed some light on this 

grain size gradient within the top 50 micrometers of the surface.  

Using ion channeling contrast, the volume fraction Fe3C phase was found to dwindle 

closer and closer to the surface as shown in the figure below. While this observation was 

only qualitative, FIB images at various depths show the evolution. It is well known that Fe3C 

elongates, fragments, and subdivides into very small regions at high strains. Because the 

Fe3C lamellae are on the order of 1000 nm in diameter to begin with, direct observation of 

their thickness was challenging even with high resolution FIB. In some cases at the top 

surface, the thickness of Fe3C was only observable in TEM. Because the Fe3C phase 

contributes to hardening considerably in low carbon steels, the thinning and reduction in size 

of this phase was not quantified for this study. Therefore, some of the variation in hardness 

and grain size could be accounted for by the lack of information gathered about this hard 

phase. Only the grain size effect of the -iron was considered in this analysis. Future studies 
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on the size and plasticity effect of Fe3C within the SMAT layer should be conducted to better 

understand the mechanics of the SMAT layer in steels. 

 

 

Figure 3.6(a) high magnification ion channeling contrast image of the surface, where no Fe3C 

is observable. (b) An image of the same sample 100 m below the surface showing regions 

of elongated and fragmented Fe3C. 

 

Because the nanocrystalline grain size approaches the resolution limit of ion 

channeling imaging, TEM investigation of the top surface was undertaken to uncover the 

microstructural evolution at the very top surface of the SMAT layer. As expected, at the 

surface the grain size is dramatically reduced to 60 nm, as seen in the figure below. TEM 

samples confirmed that the grain size at the top surface was skewed, with some regions 

containing grains less than 10 nm, while other regions had grains 100 nm in diameter. This is 
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observation is clear in the dark field image, where nanocrystalline regions are intermixed 

with equiaxed grains 100nm in diameter, along with very thin, elongated grains of Fe3C.  

 

 

Figure 3.7 (a) Bright field and (b) corresponding dark field TEM image of the top surface. 

Nanocrystalline grains <10nm in diameter are intermixed with 100 nm diameter -iron 

grains. It is also possible to discern several thin, elongated Fe3C grains. 

 

The distribution of grain sizes at the top 10 m of the SMATed surface was collected 

and plotted to get a sense of the data spread. Clearly, regions exhibiting grain sizes <10nm 

account for a relatively large volume fraction, though these are intermixed with larger grains 

of -iron. In carbon steels, the reduction of grain sizes to <10nm has been reported in regions 

subject to very high shear strains, and were first discovered in railroad tracks [79]. These 
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regions were called “white etching layers”, which consist of fragmented Fe3C and even 

complete Fe3C dissolution that leads to supersaturation of carbon in nanocrystalline -iron 

[80,87,88]. Interestingly, this type of microstructure is typically observed in high carbon 

steels, which would be consistent with theory of a supersaturation of carbon, since higher 

carbon steels would already have a higher volume fraction of Fe3C, and therefore would have 

a higher chemical driving force for this reaction. Because this steel exhibits lower volume 

fractions of Fe3C, it would be expected to have less regions exhibiting the nanocrystalline -

iron with a supersaturation of carbon. TEM observation qualitatively confirms this 

observation, as the nanocrystalline regions were only found next to elongated regions of very 

thin (10-20nm) grains of Fe3C, which is the necessary precursor to develop this phase 

[79,80].  
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Figure 3.8(a) A representative image of the top surface shows regions with both 

nanocrystalline (<100 nm) grains and coarse grains intermixed.  (b) High resolution TEM of 

the nanocrystalline region shows a single grain ~10 nm in diameter. This microstructure has 

been reported in steels subject to high shear strains and indicates partial decomposition of 

Fe3C. (c) Grain size distribution at the top surface [86]. 
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3.5 Texture Analysis 

Because SMAT is a complex deformation scheme consisting of compressive and 

shear strains at various strain rates, mapping the texture allows for a simple investigation on 

the underlying deformation schemes at various depths from the surface [10,40]. EBSD data 

also provides valuable information about strain accumulation, grain boundary character, 

grain size, and orientation relationships within the mapped region. At the top surface, a high 

resolution map showed a strong texture developed.  
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Figure 3.9 EBSD map of the top 60 m of the SMAT surface. Coloring schemes represent 

the orientation relative to the x, y, and z directions, for figures a, c, and e respectively, where 

the x direction is defined as the normal to the SMAT surface. (b, d, f) Coloring based on the 

value of each Euler angle within the SMAT surface. 

 

Clearly, the projection along the X direction (normal to SMAT surface) exhibits a 

strong texture, as seen by the predominant, {110} orientation that is colored green in the 

image. The Euler angle projections are somewhat less informative, but are included to show 
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the capabilities of EBSD for mapping intrinsic crystallographic relationships within mapped 

regions. This map also shows regions at the top surface with grain sizes <100 nm. This grain 

size is approaching the limits of EBSD for several reasons. The first is that the interaction 

volume from which orientation data is collected extends 10s of nm below the surface of the 

mapped region. This interaction volume is proportional to the energy of impacting electrons, 

which is controlled by the accelerating voltage. Second, because the sample tilt of EBSD is 

required to be 70 degrees, there is considerable enlargement of the spot size of the electron 

beam impinging on the sample. At higher beam currents, the minimum resolution is 

decreased, which, coupled with the high tilt angle, causes the back scattered electrons to be 

collected from a larger region. Therefore, EBSD resolution limits are usually linked to the 

spot size and number of pixels needed to index a single grain, which usually limits resolution 

to 20-50nm is the most extreme case.   

The figure below shows an overview of the microstructural and textural development 

along the depth. The as-received material consists primarily of high-angle grain boundaries 

(>15) and displays no strong texture. After SMAT, at 200 m below the surface, no strong 

texture can be determined, but the grain size has been reduced and clear subgrain boundaries 

(>2) can be seen within large grains. At 100 m below the surface, there is a clear transition 

to a complex texture with {110} and some {111} planes // SMAT surface, and low-angle 

grain boundaries have evolved from the subgrain boundaries. At 50 m below the surface, 

although some residual {111} // SMAT surface texture can still be seen, the texture mostly 

transitioned to {110} // SMAT surface, which is a well-known texture for highly sheared -
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iron [40,89]. At the top surface, the {110} // SMAT surface texture is further strengthened, 

and most grain boundaries have been converted to high angle. As can be seen in the figure 

below, the development of the texture of {110} // SMAT surface is preceded by diminishing 

{111} components from the depth of 100 m to the surface.  
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Figure 3.10 Development of microstructure and texture at varying depths from the surface. 

The percentage of grains indexed normal to the SMAT surface were calculated from EBSD 

maps and show the relative frequency of the {1 11}, {1 1 0} and planes in -iron at various 

depths. Grain boundary maps indicate high angle (>15°) grain boundaries in green, low angle 

(2°) boundaries in black. Pole figures are projected normal to the SMAT surface, indicating a 

strong {1 10}// SMAT surface texture developed in the top 50 m [86]. 
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Texture develops when preferred crystallographic orientations align with applied 

stress. Slip systems tend to align with the shear direction to maximize the resolve shear stress 

[83,90]. In BCC -iron, {110} are the slip planes, and <111> are the slip directions, so the 

{110}<11̿1> slip systems are preferred. When shear is induced during plastic deformation, 

the resolved shear stress is maximized when the {110} lie parallel to the shear direction, like 

a deck of cards. This is why the <110>  wire texture is commonly found in HPT, wire 

drawing, and other deformation modes that induce high shear strains [63,78]. The SMAT 

process also induced nanocrystalline regions with grain sizes less than 10 nm, suggesting the 

formation of the <110>  wire texture is accompanied with the dissolution of Fe3C.  

The {110} // the surface texture was developed through dislocation slip and 

generation of geometrically necessary dislocations. At the same time, dislocation 

accumulation and interactions formed subgrain boundaries, which were eventually 

transformed to high angle grain boundaries, as is consistent with previous reports 

[10,11,13,40,64,65,88]. These defect structures serve not only to accommodate strain but also 

to orient the crystallographic directions towards the highest shear directions. The texture, 

however, is strongest only in the top 100 m, while grain refinement and shear strain 

accumulation are also prevalent at depths > 350 m. In these regions, the lack of a strong 

shear direction may be the reason for the weakness of the texture. Cementite thinning and 

fragmentation may also play a role. It is clear, however, that the texture forms over a 

gradient, and is most strongly formed at the highest shear strains with the most severe grain 

refinement.  
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Because the gradient texture will locally affect deformation mechanics, it will likely 

plays a role in the global deformation of the sample. For example, the texture gradient will 

lead to a deformation gradient, which causes macroscopic mechanical incompatibility that 

has been shown to increase mechanical strength and ductility simultaneously in similar 

systems [14–16]. Further investigation on the effects of gradient textures and their global 

response to mechanical stress could provide insight to the exciting developments in gradient 

structured materials.   

3.6 Conclusions 

 In summary, SMAT imparted very large shear strain near the sample surface, which 

decreases along the depth, which resulted in gradients in hardness, grain size and texture. 

Fe3C dissolution occurred near the surface, which helped with the reduction of grain size to 

10 nm in local areas.  {110} // SMAT texture was produced over a depth of 100 m, below 

which the texture is complex. Further investigation on the effects of gradient textures and 

their global response to mechanical stress is needed to provide insight to the exciting 

developments in gradient structured materials.   
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4 Round Gradient Structures 

4.1 Introduction 

 Metals exhibiting gradient microstructures have recently become the focus of 

research for their remarkable ability to produce a superior combination of strength and 

ductility in metallic systems  [14–16]. These “gradient structures” often consist of 

nanocrystalline or ultrafine grains at the surface of a tensile sample, which gradually 

transition to coarse grains at the interior over distances of ~50 micrometers or longer. In 

addition to grain refinement, these gradient structures often possess high residual 

compressive stresses and texture gradients [35,86], which have been reported to improve 

wear resistance, fatigue life, and toughness [17,90–92]. Although the means by which 

gradient microstructures can be created include Surface Mechanical Grinding Treatment, 

Surface Mechanical Attrition Treatment (SMAT), Ultrasonic Shot Peening [93], Wire 

Brushing [94], and Air Blast Shot Peening [95], most of the seminal work was undertaken 

with SMAT [14,19,20,89,90,94]. Much like conventional shot peening, SMAT uses round 

balls to repeatedly impact the surface of a material. However, the number of impacts and the 

energy of impacts is often much greater, leading to surface grain refinement to the 

nanocrystalline regime.  

 Gradient structures synthesized by SMAT or other mechanisms are relatively well 

characterized, but their general effect on global mechanical response is poorly understood. 

For example, SMAT of IF Steel improved the yield strength by a factor of ~2.5 while the 

ductility was only reduced by ~15% [96]. However, SMAT of pure iron led to similar 
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strength improvements, though ductility was reduced by more than 50%  [20]. In general, 

yield strength is universally improved in gradient structures, though it seems ductility can 

either decrease [20], remain more or less unchanged [15], or increase [14]. The discrepancy, 

in part, must be explained by the mechanism or mechanisms by which gradient structures 

deform and has been attributed to grain growth, dynamic hardening, strain partitioning, and 

dislocation accumulation at grain boundaries, to name a few [14,16,18,19,96]. One 

mechanism that has been experimentally verified is the evolution of a multi-axial stress state 

during tensile testing of the gradient structure [15]. The stress state evolution necessarily 

rises due to mechanical incompatibility of the hard surface layer and ductile core, and has 

been observed in flat gradient structures [15,16]. The net result of this interaction is that the 

applied 1D tensile stress is converted into a 2D stress state in flat gradient structures during 

uniaxial tensile deformation. However, in round samples, the ductile core is fully confined by 

the hard shell and unable to contract in the early tension stage like flat samples due to the 

lack of freestanding directions. This should lead to a more complex stress state upon loading 

and could have a greater strengthening effect compared to flat samples [23]. 

Here we report that gradient structured aluminum rods processed with SMAT have strength 

that is twice as high as what is predicted by the rule of mixtures, which is dramatically higher 

than the synergetic strengthening observed in gradient-structured flat samples [15]. To probe 

the mechanisms behind this surprising observation, the gradient structures of round samples 

are characterized and the texture evolution was studied with EBSD to explore the stress state 

evolution during tensile testing. 
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4.2 Experimental Procedure 

 1350 Al wire was used for this study and was machined into tensile specimens with a 

gauge diameter of 5 mm and a gauge length of 20 mm. The samples were annealed (O 

tempered) at 370°C for 21 hours under vacuum to produce homogenized, coarse grains. This 

annealing also produced a recrystallized cube texture, which was confirmed with Electron 

Back Scattered Diffraction (EBSD). The SMAT treatment was conducted using a modified 

SPEX Mill for 5 minutes using 7 stainless steel balls 6 mm in diameter. By nature of the 

randomized impacts, the tensile sample was free to rotate in the vial and exhibited uniform 

deformation across the gauged section. The resulting “as SMAT” sample was cross sectioned 

and prepared for imaging by conventional polishing techniques and ion milling for 45 

minutes. EBSD data was acquired with an Oxford EBSD detector installed in the dual Beam 

FEI Quanta 3D FEG. Microhardness testing was conducted on the ion polished surface using 

a Mitutoyo Model HM-11 with a Vickers diamond indenter at a load of 0.001 N. An average 

of 10 indentations was used for the microhardness profile and Kikuchi patterns from EBSD 

revealed the prepared sample was free from polishing damage. The figure below the gradient 

structure produced by the SMAT surface, the tensile test results, and the resulting hardness 

profile from surface to interior. 

4.3 Tensile Properties 

 As can be seen in the figure below, the O tempered aluminum exhibited a yield 

strength of 27 MPa which is dramatically increased to 59 MPa after SMAT treatment. 

Examining the cross section of the as-SMAT sample, it is clear that a deformation gradient, 
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characterized by dislocation accumulation and subgrain boundaries, extends to a depth of 

~250 µm from the surface. However, the microhardness results show that the hardened layer 

extends to a depth of 600 µm from the surface, and the hardness of the surface layer is only 

improved by ~50%. In order to surmise the effect of the hardened surface layer, rule of 

mixtures estimations were calculated using hardness data and the volume fraction of each 

hardened layer, shown to scale below. This rule of mixtures analysis has been successfully 

used in other gradient samples to further reveal the hardening effect of the surface layer 

[14,19].  

 

 

Figure 4.1 (a) EBSD map of the O tempered aluminum and (b) after SMAT processing. (c) 

Microhardness profile at various depths and (d) Tensile test results of the SMAT and as-

annealed samples with arrow indicating the rule of mixtures prediction of yield strength. (e) 

Color coded hardness map showing depth of the gradient to scale.  
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4.4 Relationship between Hardness and Yield Strength 

 There is some debate in the community regarding the relationship between 

microhardness, yield strength, and ultimate tensile strength. The initial construction by Tabor 

predicted yield strength in the absence of strain hardening, and found the commonly used 

empirical relationship, 3σy = Hv [97]. When including the effects of strain hardening for soft 

aluminum alloys, various models have been proposed, but the raw data in these studies 

deviates very little from a linear relationship [98,99]. However, because the indenter used in 

microhardeness testing induces plastic flow, there is also a relationship that has been reported 

between microhardness testing and ultimate tensile strength [97,100,101]. However, most of 

these relationships were constructed with steels, which show very little variation between 

yield strength and ultimate tensile strength at any hardness condition. There is some 

discrepancy for metals with very high strength and low ductility, as early onset of necking 

causes the ultimate strength – hardness linear relationship to deviate. So clearly there have 

been predictions for both tensile and yield strength as a function of microhardness. In order 

to surmise this relationship for aluminum, a literature survey was conducted of low alloyed 

aluminum, to investigate reported hardness strength relationships. In addition, there is also 

strong experimental evidence corroborating the linear relationship between microhardness 

and yield strength in 1000 series aluminum [99,101–105]. Lastly, although there is a linear 

relationship between hardness and ultimate strength for aluminum, this relationship deviates 

at low hardness values, where the trend shows lower predicted ultimate tensile strengths. 
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Therefore, there is strong evidence to suggest that hardness and yield strength are 

proportional for low strength, low alloyed aluminum. 

 

 

Figure 4.2 (a) Literature survey of hardness and yield strength results reported for low alloy 

aluminum. (b) Cartoon showing relationship between tensile properties and hardness for 

steels. 
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4.5 Rule of Mixtures Prediction 

 Given the apparent linear relationship between yield strength and microhardness in 

1000 series aluminum alloys, the microhardness data obtained across the gradient structure 

can be used to predict the yield strength of each layer within the gradient. It can be assumed 

that yield strength and microhardness measurements are proportional such that  

𝜎𝑦~𝐻𝑣 

Therefore, rule of mixtures predictions can be written as follows: 

𝜎𝑔𝑠

𝜎𝑐𝑔
~

∑ 𝑉𝑓𝐻𝑔𝑠

𝐻𝑐𝑔
 

where σgs is the yield strength of the gradient structured rod, σcg is the yield strength of the 

coarse grained O tempered rod, Hgs is the hardness of each layer in the gradient and its 

respective volume fraction, Vf, and Hcg is the hardness of the coarse grained O tempered rod.  

Examining the data, we see that 

𝜎𝑔𝑠

𝜎𝑐𝑔
= 2.2;         

∑ 𝑉𝑓𝐻𝑔𝑠

𝐻𝑐𝑔
= 1.1 

Therefore, there is significant strengthening that is not accounted for by rule of mixtures 

predictions. In fact, the strengthening contribution of each layer appears to account for very 

little improved strength in the gradient structure itself. 
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4.6 Microstructural Analysis 

To examine possible strengthening mechanisms at hand, the SMAT-produced 

microstructure gradient was characterized in cross section using EBSD. Below are various 

maps of the aluminum sample and the inverse pole figures of local areas. Typical 

deformation structures in aluminum can be seen at various depths, including subgrain 

boundaries, slip bands, and dislocation cells. Although the grain size has not been reduced to 

the nanocrystalline regime, magnification of the surface shows the subgrain boundary size 

approaches ~3 µm. These subgrain boundaries are typical of the early stages of SMAT 

processing, and have been observed in samples subjected to small revolutions of High 

Pressure Torsion (HPT) [90,106]. However, the degree of grain refinement is quite mild at 

the surface of the SMAT sample which correlates well to the mild improvement in hardness 

at the surface, as seen in the figure below. 
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Figure 4.3 (a) Convention used for axis of the round SMAT sample along the surface normal 

(R), tensile direction (Z), and radial direction (). (b) Grain size gradient. (c and d) EBSD 

map of the SMAT sample projected along Z and grain boundary map, respectively. For the 

grain boundary maps, red lines indicate misorientation of >10 and the black lines indicate 

misorientations >2. (e and f) High resolution EBSD map of the very top surface layer 

showing numerous subgrain boundaries when projected along Z and its grain boundary map, 

respectively.   

 

 Beyond the microstructure, there could be other mechanisms that improve the 

strength of the SMAT sample. It is well known that SMAT samples exhibit high compressive 

residual stresses, and can develop multiaxial stress states in tension [36,107]. In fact, 
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strengthening from both the initial stress state and the stress state evolution would not be 

accounted for in the rule of mixture predictions since this model neglects transverse stresses 

and interaction between layers within the gradient. It is well known that the compressive 

residual stresses in SMAT structures can exceed the yield strength of the coarse grained core 

by a factor of 3 and extend to depths of nearly 1 mm [36,108]. In shot peening, similar 

compressive stresses were shown to increase the yield strength of samples by ~2x and 

therefore some of the hardening beyond rule of mixtures can be accounted for by this 

phenomenon [35]. In some cases, 40% of the strengthening of gradient structures has been 

attributed to this residual stress [67].  In addition to this effect, the multiaxial stress evolution, 

which arises from the different Poisson’s ratios between early-plastic and stable elastic 

regions, should also contribute to strengthening [16]. At low strains, the stress applied will 

exceed the yield strength of the coarse grained region, inducing plastic deformation while the 

surface is still deforming elastically. As the inner region attempts to contract, the surface 

must develop a compressive stress to remain coherent with the shrinking interior, and this 

phenomenon has been observed experimentally in flat samples [15,16]. In round samples, 

however, the gradient confines the interior layer, creating 3D internal stresses. Direct 

observation of the strain accumulation within the gradient is not possible with round samples 

as with flat samples. Using EBSD, it is possible to get clues about the deformation 

mechanism of the gradient structure by examining the post-mortem microstructure of the 

SMAT sample.  
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4.7  Post-Mortem Analysis 

 In order to investigate the stress state evolution of the gradient layer, samples were 

taken from the post-mortem “as annealed” and SMAT samples from the uniformly elongated 

region to compare the microstructure using EBSD.  Because the texture symmetry depends 

on the deformation symmetry, the texture evolution gives insight to the stresses evolved 

during yielding. If out of plane stresses are operating on the gradient, then the symmetry of 

these stresses should be evident in the pole figures. After tensile testing, the post-mortem 

EBSD maps clearly differed, and the Z and θ {111} and {110} axis projection pole figures of 

the top layer of both samples showed a similar symmetry but the SMAT sample showed out 

of plane texture symmetry. 
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Figure 4.4 (a) Z projection EBSD map of the uniformly elongated “as annealed” sample after 

tensile testing and corresponding pole figures showing (b) Symmetric smearing of {110} 

about the tensile (Z) axis and c)  axis projection. e) Z projection EBSD map of the 

uniformly elongated SMAT sample after tensile testing and corresponding pole figures 

projected along c) the Z axis and d) the  axis. There is a clear symmetry that develops along 

the  axis in the post mortem SMAT sample not present conventional samples.  
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In the as-annealed sample, the Z projection pole figure shows some {111} character, 

and some symmetric "smearing" of the {110} about the tensile (Z) axis, all of which is the 

common texture seen in uniaxial drawing of aluminum [40–42]. Interestingly, the pole 

figures from the SMAT sample show a similar symmetry, but not around the tensile axis. It is 

clear from the pole figures that the θ direction develops a similar wire texture to Z direction 

of the as annealed sample. This out of plane texture is evidence that a multiaxial stress state 

evolves during tensile testing that is not present in samples lacking gradient structures. 

 

4.8 Conclusions 

Despite the evidence of out of multiaxial stress state evolution, it is very difficult to 

discern the primary strengthening mechanism of this gradient structured aluminum alloy. It 

was not possible to quantify the residual compression, which has been shown in some cases 

to greatly affect mechanical performance [35,67]. In addition, the effect of residual stresses 

on the microhardness testing could skew the hardness due to the compression at the surface 

and tension in the core. Also, although the linear relationship between hardness and yield 

strength was used to predict rule of mixtures calculations in this study, the high rate of strain 

hardening in aluminum could introduce error into this prediction especially in the 

measurements of the ductile core. Further studies should explore these confounding effects in 

more detail to elucidate the strengthening mechanisms in gradient structured aluminum rod. 



68 

 

 

 

 

In conclusion, aluminum treated by SMAT exhibits a yield strength far beyond what 

is predicted by rule of mixtures. The gradient structure produced by SMAT produced some 

improvement in hardness and EBSD maps showed the hardening is accompanied by 

dislocation accumulation, subgrain boundaries, and very little grain refinement. EBSD of the 

post-mortem samples showed that the gradient structured aluminum developed an out of 

plane texture that indicates a complex, multiaxial stress evolution during tensile testing that is 

not present in its coarse grained counterpart.  

Unlike previous reports of gradient structures where increased strength and ductility 

were attributed to grain growth, dislocation accumulation at grain boundaries, and other 

mechanisms, this report provides evidence that strengthening in round SMAT samples is due 

to both the complex initial stress state of the material as well as the dynamic strain hardening 

that occurs within the mismatched layers, which produced 3D complex stress states. These 

effects lead to synergetic strengthening far beyond of what is predicted by the rule of 

mixtures in gradient structured rod. Further investigation of the residual stress effect and 

stress state evolution in gradient structures should shed light on the magnitude of 

contributions by these strengthening mechanisms. 
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5 Strain Analysis in Gradient Structured Rod 

5.1 Introduction 

 Due to the limited number of samples available for testing in Chapter 4, a follow up 

study was conducted to investigate the evolution of the gradient structure during tensile 

testing. Although there was evidence supporting non-uniform multiaxial stress state 

development in the 1350 SMAT sample, the magnitude of this effect was unknown. In 

addition, the residual stresses in the SMAT layer that are known to effect tensile strength and 

plasticity could not be quantified. In SMATed Ni, the residual compression reached a 

maximum of 1200 MPa, nearly 3x the yield strength of the starting material [32,33]. As a 

result, up to 40% of the yield strength enhancement was contributed to residual stresses, with 

the other 60% coming from grain refinement and cold work within the gradient [30] . Other 

reports have also shown that the magnitude of the residual stress can be several times the 

yield strength of the base material, but very few studies have examined its effect on tensile 

plasticity within the gradient [33,35]. In addition, the contribution of the evolution of 

multiaxial stresses to strength and ductility has not been quantified. Some computational 

modeling has been conducted, but no experimental studies have been conducted to examine 

this effect [15,30,109]. Lastly, the softening of the hardened surface layer has been a 

proposed mechanism that improves plasticity, though experimental evidence of this 

phenomenon has mainly been limited to the necked region [22]. Therefore, the objective of 

this experiment is to investigate the evolution of the microstructure, residual stress, and 

hardness of gradient structured aluminum rod loaded under tension. 
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5.2 Experimental Procedure  

 The alloy used for this study was 5005 aluminum, as specified by ASTM B209 with 

composition 0.3 Si, 0.7Fe, 0.2 Cu, 0.2 Mn, 0.5-1.1 Mg, 0.1 Cr, 0.25 Zn and balance Al. The 

alloy was chosen so that no second phases would be present in the gradient structure. The Al 

rods were machined into tensile samples with three different diameters; 6mm, 5mm, and 

4mm. All samples had the same gauge length of 28 mm, and were O-tempered (650°F for 3 

hours) before the SMAT process. Samples were processed in the modified SPEX mill 

described earlier for either 5 or 15 minutes using 10, ¼” SS balls. Tensile testing was 

conducted using a MTS Landmark with extensometer and at a strain rate of 5x10-4. The 

diameter used for stress calculations was taken as the lowest of 6 readings on digital calipers 

for each sample and triplicate samples were tested at each condition. A set of 6mm diameter 

samples processed for 5 minutes were prematurely unloaded at 0.8%, 3.7%, and 16.7% strain 

in order to investigate the microstructure at various strains.  

 Microstructural analysis was conducted by copper plating samples using a 

conventional electroplating solution, followed by grinding with lapping films and a thorough 

polish with 1µm diamond suspension for 2 hours. Final polishing The resulting “as SMAT” 

sample was cross sectioned and prepared for imaging by conventional polishing techniques 

and ion milling for 1 hour in a Fischione Ion Mill (Model-1060) at 5kV, 75% focus, and 5 

tilt. EBSD data was acquired with an Oxford EBSD detector installed in the dual Beam FEI 

Quanta 3D FEG at 8x8 binning for standard imaging, and 1x1 binning (full resolution) for 
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strain analysis. Microhardness testing was conducted on the ion polished surface using a 

Mitutoyo Model HM-11 with a Vickers diamond indenter at a load of 0.0025 N. An average 

of 10 indentations was used for the microhardness profile and Kikuchi patterns from EBSD 

revealed the prepared sample was free from polishing damage. EBSD Texture analysis 

revealed that after tempering, the samples had a strong wire texture in the tensile direction 

with pronounced {100} and {111} character, typical for recrystallized aluminum [40,110]. 

 EBSD mapping of the top 100 µm of both the 15 and 5 minute SMAT processing 

revealed a reduction in grain size at the surface accompanied by a gradual shearing of the 

surface grains. This morphology is similar to low carbon steel microstructures presented 

earlier where the SMAT surface was shown to exhibit high shear strains [86]. Additionally, 

the microstructures of both samples show a transition in the wire texture at the surface, where 

the smaller grains show a broader distribution of orientations. The grain boundary maps show 

the 15 minute SMAT treatment developed more subgrain boundaries and low angle GB 

relative to the 5 minute sample. 
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Figure 5.1 (a,b) θ and Z projection IPF maps, as defined by (c) of the as-annealed interior in 

the 5005 rod. (d) Z projected pole figure of the as-annealed 5005 rod showing a strong 

recrystallized wire texture. 
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Figure 5.2 EBSD map of the 6mm rod sample SMATed for 5 minutes (a-c) and for 15 

minutes (d-f). (a,d) Grain boundary maps showing subgrain boundaries (>2°), low angle GB 

(>10°), and high angle GB (>15°). (b-e) the θ projection IPF coloring and (c-f) the Z 

projection 

 

5.3 Tensile Results 

 Tensile tests reveal that the SMAT layer has improved the yield strength, ultimate 

tensile strength, and total elongation to failure in nearly all samples. Here the total elongation 

to failure is defined as the strain at which the load is reduced 100N from the load at the 

ultimate tensile strength. As expected, the 6 mm samples exhibited the lowest volume 
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fraction of the SMAT layer, and exhibited lower strength and higher ductility relative to the 

other samples. However, there is very little variation between the tensile properties for the 

4mm and 5mm samples at all processing conditions. Surprisingly, there were very little 

differences in tensile properties for all samples processed for 5 minute and 15 minute SMAT 

times. The uniform elongation, however, appeared to be adversely affected by longer 

processing times, and was reduced in all samples relative to the O-tempered control. 

 

 

 

Figure 5.3 Engineering stress-strain curve plotted for the 4, 5, and 6 mm SMAT samples 

processed for 5 minutes compared to the O tempered state. 
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Figure 5.4 Engineering stress-strain curve plotted for the 4, 5, and 6 mm SMAT samples 

processed for 15 minutes compared to the o tempered state. 

 

 

Figure 5.5 Average yield strength for each diameter and processing condition. 
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Figure 5.6 Average ultimate tensile strength for each diameter and processing condition. 

 

 

Figure 5.7 Average uniform elongation for each diameter and processing condition. 
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 To investigate the phenomenon behind this extraordinary strengthening, cross 

sectional samples at various strains were imaged using EBSD. First, the “as SMAT” sample 

was imaged to discern the scan parameters needed for other samples. Although 1350 and 

5005 aluminum alloys have similar mechanical properties, the SMAT microstructure is 

noticeably different between the two. Figure 5.7 shows the 0% strain SMAT microstructure 

grain boundary map along with other cross sections at discrete strains. Immediately apparent 

is the high density of low angle ( >10°) grain boundaries at the surface of the gradient. This 

region exhibits grain sizes in the UFG regime, but the average size was not less than 500nm. 

As the gradient begins to undergo plastic deformation at ε = 0.8%, It appears that some low 

angle grain boundaries begin converting to high angle (>15°) grain boundaries, and that the 

depth of the grain refined region becomes slightly larger. At ε = 3.7% more high angle grain 

boundaries are found at the top surface, and at ε = 16.7%, the slight deepening of the grain 

refined region continues. However, this apparent change in grain boundary size was not 

statistically significant, so very little conclusions could be made on grain boundary maps 

alone.  
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Figure 5.8 Tensile test and corresponding EBSD maps of 6mm samples SMATed for 5 

minutes unloaded at various strains where the red curve is the gradient structure and the blue 

curve represents the o tempered tensile results. Grain boundary maps are colored black for 

subgrain boundaries (>2°), red for low angle grain boundaries (>10°), and green for high 

angle grain boundaries (>15°). 

 

 In addition to cross sectional EBSD mapping, microhardness testing was utilized to 

investigate the mechanical properties at the same strains the EBSD mapping were conducted. 

At first glance, the hardness profile revealed similar properties to general SMAT gradient 

structures. However, at 0.8% strain, the hardness is reduced along the top 800 micrometers of 

the gradient, which is surprising considering the sample was more strained than the as-SMAT 

sample. At higher strains, the hardness profile increases in intensity uniformly. In the 
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uniformly elongated region, another interesting phenomenon is observed as the interior 

appears to harden asymmetrically with respect to the surface. In this region, the interior 

hardness rises faster than the surface, until necking where the gradient and interior both 

become harder. Clearly, there complex hardening behavior occurring within the gradient, 

which cannot be conclusively determined by microhardness testing alone.  
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Figure 5.9 Microhardness testing of the gradient structure showing profiles at various strains. 

Inset shows gradient hardness and volume fraction to scale.  
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5.4 GND Density Evolution 

 Using the EBSD data collected from the maps above, a kernel averaging approach 

was utilized to calculate the misorientation, or curvature within each grain. Because the 

lattice curvature is directly proportional to the GND density, variations in misorientation 

could provide clues to deformation mechanism underlying the high strength of these samples 

[69,74,76,111]. Therefore, evolutions in average misorientation within scanned regions 

should be a good estimate for GND evolution. For the analysis, a 3x3 region within each 

grain was used via the kernel averaging approach in order to calculate the relative curvature 

of the lattice. Data was acquired with a step size of 250 nm, and no data cleaning was used to 

approximate regions not indexed.  The average misorientation was calculated at every 20 µm, 

and were plotted accordingly. As a reference, a map of the coarse grained interior prior to 

SMAT treatment was collected to serve as the unstrained region. Immediately noticeable is 

the clear accumulation of GNDs approaching the SMAT surface for all samples. However, 

the evolution of GND density is not very clear. At  ε = 0.8%, the GND density is reduced 

within the gradient, and possesses less GNDs than the coarse grained interior at a depth of 

200 µm. Interestingly, this phenomenon corresponds extremely well with the reduction in 

microhardness observed in the same sample. Since both GND density reduction and 

microhardness reductions were seen at the same strain, this discrepancy cannot be dismissed. 

However, as the load increases, the GND density rises again, and stays more or less constant 

up to ε = 16.7% until necking where a new GND density profile emerges.  
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Figure 5.10 Misorientation plots for 6mm samples unloaded at various strains. The plot 

shows an initial reduction in GND density which then rises with increased tensile strain. 

 

5.5 EBSD Strain Analysis  

 In order to acquire high resolution Kikuchi patterns for strain analysis, the beam 

current was brought to 45nA and the binning was reduced to 1x1, full resolution patterns. 

First, simple scans of the surface and interior were compiled to examine whether the strain at 

the surface had an impact on the pattern quality. As expected, the Kikuchi bands were more 
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blurred and exhibited slight shifting at the surface relative to patterns collected in the 

undeformed matrix. 

 

Figure 5.11 (a) Full resolution Kikuchi pattern collected 50 µm below the as SMAT surface 

showing clear evidence of plastic deformation relative to the same Kikuchi orientation 

collected (b) in the undeformed core. 

 

 Once the microscope was optimized for this type of acquisition, a 40 µm x 40 µm 

scan of the interior region was collected with a step size of 1 µm. Typically, step sizes on the 

order of 100-300 nm are preferred due to the noise that develops in the analysis for larger 

step sizes. However, once the mapped region was collected, the data was analyzed with 

commercially available software [57,58]. The Euler angles were used to run cross correlation 

of the collected patterns with a simulated Kikuchi pattern and the resulting strain maps are 

generated. Unfortunately, an indexing error arising from pattern centering calibrations caused 
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certain grains to not be analyzed correctly. It appears that the {100}//Z grains were 

successfully detected by the software, and the strain contour shows the slight lattice rotations 

within certain grains. In fact, the central grain exhibits close to zero strain along the shear 

strain components, ε12 and ε23. Meanwhile, the hydrostatic components ε11 and ε22 indicate 

compressive and tensile strains are present that do not affect ε33. 

 

 

Figure 5.12 Partial reconstruction of the strain tensor using collected Kikuchi patterns in the 

undeformed matrix of the SMAT sample. 
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5.6 XRD Strain Analysis 

 Conventionally, XRD is used to characterize residual stresses in metallic samples, 

due to its high angular resolution [33,112,113]. Because the wavelength of x-rays is on the 

order of several angstroms, the x-rays are diffracted periodically at well-defined Bragg 

angles, as defined by Bragg’s law. 

𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙 

Where λ is the wavelength of the radiation source, dhkl is the lattice spacing of planes with 

Laue indices h,k,l and θhkl is the diffraction angle. In a perfect crystal, there would be no 

stress, so the diffracted peaks would correspond exactly to the Bragg angles. However, in the 

presence of an elastic stress, the dhkl will be shifted as the atomic spacing changes to 

accommodate elastic strain. This shift can be used to calculate the strain in a given hkl plane 

by 

휀ℎ𝑘𝑙 =
𝑑ℎ𝑘𝑙 − 𝑑0

ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙  

Where εhkl is the strain of a given hkl along the direction of the diffracted beam, dhkl is the 

measured interplanar spacing, and do
hkl is the strain free lattice spacing. Although it is 

possible to reconstruct the entire strain tensor by calculating εhkl at 6 different Euler angles, 

the calculation of the in-plane stresses is more trivial. In this case, only the principal stresses 

are used since σ11= σ22, σ33=0. Therefore, the compressive and tensile stresses can be 

calculated using 

𝜎11 = −
𝐸ℎ𝑘𝑙휀33

2𝜈ℎ𝑘𝑙
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Where σ11 is the principal stress for a calculated in-plane strain ε33, Ehkl is the elastic 

modulus, and νhkl is the Poisson’s ratio.  

 Utilizing this technique, the residual stress was calculated at the surface of the 6mm 

sample SMATed for 5 minutes using Cu K-α x-rays. The theoretical peak positions were 

used for the unstrained dhkl and peak shifts were acquired for the 311, and 222 planes, 

corresponding to stresses of 13.02 and 9.9 MPa-8 respectively 4.9, -93.3 MPa, respectively. 

Therefore the average residual compression at the surface of the 5 minute SMATed sample 

was calculated to be 89.9 MPa, which is higher than the yield stress of the O-tempered 

condition. Although the stress profile was not created for the various tensile strains listed 

earlier, it is assumed that the stress state evolution will occur similar to the Finite Element 

Modeling presented in chapter 2.  
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Figure 5.13 XRD Analysis of 5 minutes SMAT and O-tempered 6mm rod. The peak shifts 

correspond to lattice strain which indicates residual compression at the surface of the SMAT 

sample. The relative intensity variations arise from the texture differences in the two 

samples. 

 

 

 Interestingly, the residual compression at the surface, σs
rc has been strongly correlated 

with material yield strength σy for shot peened materials [35]. Further, residual compressive 

stresses have been linked to have a profound effect on mechanical properties including 

improved fatigue life, and improved tensile strength [37–39,114,115]. In glasses, these 

residual stresses have been shown to improve elongation dramatically, inducing considerable 

strain hardening under tensile loading [28,29]. However, it is generally accepted that the 

residual stresses do not play a major role in strain hardening for conventional materials since 

the stresses are often relaxed or balanced at the onset of plastic deformation [39]. In fact, 

there is evidence of this stress relaxation shown in figure  
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5.7 Conclusions 

 In this study, gradient structured 5005 rod was shown to exhibit both higher strength 

and higher total elongation to failure relative to the homogenized coarse grained control 

sample. The SMAT process seemed to have a similar effect for nearly all of the samples 

tested, independent of their gauged diameter or processing time. Although much of the 

literature on gradient structures derives mechanisms based on the interaction between 

nanocrystalline and coarse grained regions, the surprising tensile plasticity in these samples 

occurs in the absence of any nanocrystalline grains [24,34,54,116]. Therefore, strengthening 

mechanisms beyond the current theories must be developed to explain this phenomenon. One 

possibility is that the residual compressive stresses are relieved under tension, which could 

cause non-uniform deformation to occur within the gradient, though this mechanism has not 

been formally used to explain gradient structure mechanics [30,33,35]. 

 Because the grain size is relatively large in these samples relative to most of the 

gradient structure literature, it is expected that the mechanisms governing mechanical 

mismatches between hard surface layers and soft interior layers will be reduced. Therefore, 

the magnitude of the residual stress strengthening will be enhanced, which could be the 

major source of strengthening in these samples. XRD showed high residual stresses at the 

surface, and a reduction in GND density and microhardness testing were both found at strains 

of 0.8%. This reduction could be the result of the relaxation of surface residual compressive 

stresses and would support evidence given in previous studies [28–30,117].  However, the 

GND density evolution and assymetric hardening along the gradient also point to complex 
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mechanisms above yielding that are not clear at this point. Future studies should utilize XRD 

or high resolution EBSD to map the residual stress state evolution during tensile testing to 

determine its effect on strengthening within gradients. Further, a comprehensive Finite 

Element Modeling study should include the effects of multiaxial stresses and their evolution 

during tensile testing to conclusively identify strengthening mechanisms in gradient 

structured metals. 
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6 Conclusions and Future Work 

 Although the study of gradient structure deformation mechanisms has only recently 

begun, there are strong indications that the interplay between ultra-hard and ultra-ductile 

regions within the gradient can lead to outstanding structural performance. In this work, 

several previously unreported phenomenon were observed in gradient structures synthesized 

by SMAT. At the surface, the shear strain was calculated to exceed 100, which is among 

some of the highest shear strains reported in the SPD literature. In addition, it was discovered 

that a strong texture gradient develops in conjunction with the well-known grain size 

gradient. Interestingly, this texture gradient was completely different for round and flat 

samples, as the round samples exhibited crystallographic features indicating that shearing 

was occurring radially across the gauged section. Although the strengthening effect of this 

texture has not been quantified, the graded round samples did exhibit strengthening higher 

than predicted relative to the mild improvement in hardness at the surface. Some of this 

strengthening has to come from multiaxial stresses developing within the gradient, and 

experimental evidence of this was observed via the early stage wire texture development 

normal to the tensile axis. Another phenomenon that should contribute to the unexpected 

results is the accumulation of residual stresses within the gradient due to the SMAT process 

itself. The magnitude of the residual compression in the 5005 rod was higher than the o 

tempered yield strength, and should significantly contribute to enhanced strength. Evidence 

for this strengthening was found via reduction in hardness and GND density at low strains. 

Above the yield strength, the hardness and GND density evolution was complex, and would 
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not be accounted for by residual stresses. Given the drop in GND density evolution along the 

gradient of SMATed 5005 aluminum rod, and in the absence of any obvious grain growth at 

various tensile strain, two of the prevailing theories do not appear to account for the 

strengthening observed in these samples. Therefore more studies focusing on the role of 

residual stresses in gradient structures must be conducted to elucidate this effect. 

 Considering the rapid development and bright future ahead of high resolution strain 

analysis using EBSD, many unanswered questions about deformation mechanisms in the 

field of gradient structures should be nearly obtainable. Although XRD and neutron 

diffraction techniques are immediately available to quantify the stress state evolution, GND 

activity, and grain coarsening mechanisms that are core to current theories on deformation 

mechanics, the wealth of information available in EBSD data sets and relative speed of 

acquisition surely gives it an advantage for future investigations. Future studies should 

rigorously investigate the mechanics governing stress state evolution, texture development, 

grain growth, microhardness evolution and other variables intrinsically linked to the 

microstructure and mechanical properties. With more robust studies exploring these effects, 

metallurgists will have a better understanding of how to incorporate these extraordinary 

materials into society.  
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