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ABSTRACT 

 

The strength of aluminum alloy 5083 has been shown to be significantly improved when 

it is engineered to have a bimodal grain size consisting of coarse grains (CGs) embedded in an 

ultrafine grained (UFG) matrix. This study investigates how a variety of parameters including 

strain rate, temperature, specimen thickness, CG ratio, and anisotropy affect the mechanical 

properties of this material when tested in uniaxial tension. The material is fabricated through 

cryomilling, cold isostatic pressing, and extrusion. A full factorial experiment is designed and 

implemented to test these effects on the material. Post-test examination of the specimens with 

optical and electron microscopes is conducted in order to gain a deeper understanding of the 

material’s fracture behavior. While the material shows greatly improved strength compared to 

conventional Al-Mg alloys at room temperature, its strength rapidly decreases with rising 

temperature such that by 473 K, it was observed to be weaker than conventional Al 5083 at the 

same temperature. Dynamic recovery was observed in high temperature tests and the amount of 

recovery was found to depend on the material’s CG ratio. Strain rate sensitivity was observed in 

the material at all temperatures. Significant differences were observed both in the material’s 

properties and its fracture surface when the specimens were loaded parallel or perpendicular to 

the extrusion direction. A constitutive model based on Joshi’s model of plasticity was developed 

to describe the material’s room temperature behavior.  
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Symbols: 

Ac Projected contact area 

d Grain size 
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Er Reduced modulus 

k Hall-Petch material constant 

m Strain rate sensitivity exponent 

p Probability of null hypothesis being true as determined by ANOVA 

Ratt Attenuating resistance 

rext Strain gauge recorder range extension factor 
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RL Lead wire resistance 

S Unloading stiffness 

T Temperature 

ε Strain 

  Strain rate 

εc Characteristic strain 

εj Starting strain of Joshi’s model 
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ν Poisson’s ratio 

σ Stress 
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σj Starting stress of Joshi’s model 

σs Saturation stress 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

 Nanocrystalline (NC) and ultrafine grain (UFG) materials have recently drawn much 

attention due to their drastically improved mechanical properties. This improvement is dictated 

to some extent by the Hall-Petch relationship. This relationship, shown in Equation 1, states that 

as the grain size, d, of a material decreases, its yield strength, σy, increases with σo and k being 

material constants [1].

 
 

d

k
oy   (Eq. 1) 

It should be noted that below a critical grain size, around 10 nm, further reduction in size 

weakens the material, a phenomenon known as the inverse Hall-Petch Effect, which is generally 

attributed to the increasingly important role of grain boundaries as grain size is refined beyond 

10 nm [2]. 

One material that has been produced in UFG form is aluminum alloy 5083 for which the 

element composition is provided in Table 1.  

Table 1 

Percent Element Composition of Al-5083 

Al Si Fe Cu Mn Mg Cr Zn Ti 

92.55 - 94.25 0.4 0.4 0.1 0.4 - 1.0 4.0 - 4.9 0.05 - 0.25 0.25 0.15 
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Aluminum alloys are often favored for their light weight, but their low strength limits 

their usefulness in design. To combat this shortcoming, NC Al 5083 has been produced by 

cryomilling (low temperature mechanical milling) -325 mesh gas atomized powder to reduce 

grain size. The NC powder is then consolidated by a process such as hot or cold isostatic 

pressing (HIP or CIP). To break up prior particle boundaries (PPBs) remaining from the primary 

consolidation step, the material is usually subjected to further working such as extrusion or 

quasi-isostatic forging, after which the bulk consolidates are UFG in nature.  Cryomilling and 

consolidation of UFG Al 5083 have been discussed extensively in the literature and are treated 

with greater depth in Section 2.1 [3-7].  From the aforementioned references, research has shown 

that secondary consolidation has a strong influence on the properties of UFG Al 5083 generated 

from cryomilled precursor powders.  Strain rate, temperature, and the method of imparting 

deformation – forging, extrusion, and/or rolling – all play a role in determining the final 

microstructure and, hence, the strength and ductility of the consolidated material. 

 Regardless of processing path, UFG aluminum alloys produced by cryomilling have been 

found to have greatly improved strength compared to conventional aluminum alloys [8-10].  

Unfortunately, the increased strength is accompanied by a decrease in ductility, limiting the 

applications of this material. Engineering a microstructure with multiple length scales has been 

proposed as a strategy to enhance the plasticity of nanostructured materials which otherwise lack 

adequate dislocation activity, and therefore exhibit low ductility.  To that effect, various research 

groups have implemented this concept by promoting the formation of so called bimodal 

microstructures (e.g., consisting of a mixture of UFGs and CGs) which exhibit more balanced 

combinations of strength and ductility, shown in Figure 1 [11-16]. The resulting microstructure 

consists of both coarse grains with a grain size of a few microns and ultrafine grains with a size 
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of about 100-200 nm. The addition of the CGs returns some of the ductility to the material, at the 

cost of a small reduction in strength. 

 
Figure 1. Tensile curves of bimodal Al-Mg alloys with different CG ratios [16]. 

 While the means of producing this material and its basic properties are reasonably well 

understood, there is less knowledge about how this material responds to changes in its 

environment or to the demands of different design applications. Discussed in Section 2.2, there is 

evidence that a variety of factors such as strain rate, temperature, specimen thickness, anisotropy, 

and CG ratio can influence the properties of this material.  

 

1.2 Motivation and Objectives 

In order for this material to be more widely used in design applications, a better 

understanding of its material properties and how they are affected by the specific conditions of 

its application must be gained. The objective of this study is to understand mechanical behavior 

of a bimodal grain size Al alloy under different conditions. To this end, the material’s behavior is 

evaluated in uniaxial tensile tests while several test parameters such as CG ratio, strain rate, 
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specimen thickness, anisotropy, and temperature are varied. A full factorial experiment on these 

factors is designed and executed. 

In order to understand the microstructure of the material and its mechanisms of failure 

under the different conditions, a variety of pre-test and post-test microscopic analyses have been 

employed. The fracture surfaces are examined with an optical microscope and a scanning 

electron microscope (SEM) to study the mechanisms of deformation and failure. Additionally, 

electron backscatter diffraction (EBSD) images have been obtained in order to study the grain 

structure of the material before and after tests. Furthermore, constitutive models are generated in 

an attempt to describe and predict the material’s behavior under different conditions. This model 

is useful for future finite element simulations. In all, it is expected that this work will provide a 

starting point for the complete characterization of this material so that its unique properties may 

be fully realized in design applications. 
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CHAPTER 2  

LITERATURE REVIEW 

 

2.1 Fabrication of a Bimodal Al-Mg Alloy 

 The general process of creating a bimodal alloy is fairly well understood. First the grain 

size of some parent material must be reduced, usually through a process known as cryomilling, 

to create a powder with a UFG grain size. Then the powder is mixed with unmilled powder to 

create a bimodal microstructure. The mixture is degassed to remove impurities then consolidated. 

Finally, the material is subjected to some sort of working process to break up PPBs and improve 

the properties of the final material. 

 As discussed in Chapter 1, the strength of this material lies in its small grain size. One 

technique used to reduce the grain size of a material is known as cryomilling, which is the 

method employed to produce the material used in this study. In the cryomilling process, a barrel 

is loaded with the metal powder and the milling medium, typically stainless steel balls. A process 

control agent (PCA) such as methanol, stearic acid, or paraffin is usually added to the mix to 

prevent the milled powder from becoming welded to the balls or recombining into larger 

particles [10]. As the name suggests, cryomilling takes place at very low temperature, which also 

helps prevent recombination of the particles. To achieve these temperatures, liquid nitrogen is 

circulated through the mixture and replenished as it evaporates. As the material is agitated, the 

milling medium and powder collide and the powder is broken up into smaller particles. 
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 In addition to the Hall-Petch grain size strengthening, the material has also been observed 

to be strengthened through Orowan mechanisms resulting from the presence of dispersoids in the 

material [17]. As may be expected, many of these are compounds of elements Al, Mg, and O 

[18]. However, it is interesting to note the presence of some N-Al compounds contributing to the 

strengthening. The N in these compounds was introduced from the cryomilling process, 

illustrating another and somewhat unintentional pathway for the process to contribute to the 

material’s strengthening [19]. 

 After the cryomilling run is completed, the remaining liquid nitrogen is allowed to 

evaporate and the milled powder is mixed with the appropriate amount of unmilled powder to 

create the desired CG volume ratio. The mixed powder is then hot vacuum degassed to remove 

the PCA and other contaminants resulting from the cryomilling process. The powder is placed 

under a vacuum and heated to a prescribed temperature and held there for several hours. 

Naturally, the elevated temperature results in some undesired grain growth. However, this step is 

necessary in order to maximize the density of the billet after consolidation, especially if CIP will 

be employed [20]. 

 The choice of consolidation method can have large impact on the properties of the final 

material. The two most common methods are CIP and HIP, although other methods such as 

quasi-isostatic forging or spark plasma sintering can be implemented [21-23]. In CIP and HIP, 

the powder is subjected to high pressure and, in the case of HIP, temperature to consolidate the 

powder into a cohesive unit. While higher densities can be obtained through HIP, it does cause 

more undesired grain growth [20]. Therefore, CIP, which is done at room temperature but 

requires a higher pressure, is sometimes preferred for the consolidation procedure. Additionally, 

CIP is more cost and time-effective than HIP when producing the material [11]. 
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 Regardless of whether CIP or HIP was chosen, the material now contains PPBs which 

adversely affect its properties. To remove them, some method of plastic deformation such as 

rolling, forging, or extrusion must be utilized. This step also serves to remove some of the 

remaining porosities in the material and bring it to its final density [24]. 

 The material is now ready to be shaped into its final form. As shown in Figure 2, it now 

consists of CG bands embedded in a UFG matrix. The material shown in Figure 2 has been 

consolidated by CIP and extruded. Note the directionality of the microstructure imparted by the 

extrusion process. As may be expected, this property of the material’s microstructure has a large 

impact on its properties and will be explored in-depth below. 

 
Figure 2. EBSD images of the finished material. Arrows indicate extrusion direction. 

 The bimodal microstructure of this material allows both the CG and UFG regions to share 

a load applied to the material and enables each region to exhibit its strong points. Initially, the 

CGs bear the load but their deformation is constrained by the UFGs. As loading continues, the 

CGs transfer the load to the UFGs through the activation of slip systems [25]. Each region also 

has its own dominant deformation mechanisms. In the CGs deformation was found to occur 

through dislocation slip, while twinning was observed in the UFGs [26].  
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2.2 Known Effects    

 It has been well established by a variety of research groups that UFG and bimodal Al 

alloys exhibit improved strength compared to conventional Al 5083, shown in Table 2. The 

penalty of this strengthening, reduction in ductility, as well as how to combat this problem is also 

understood. The uncertainty in using this material in design applications lies in its less well 

known responses to the specific conditions of an application. 

Table 2 

Previously Reported Properties of UFG and Bimodal Al Alloys 

Source 
Cons. 

Method 

CG Size 

[μm] 

UFG Size 

[nm] 

Test 

Type 

CG Ratio 

[%] 

E 

[GPa] 

σy 

[MPa] 

Ultimate 

Stress 

[MPa] 

Elongation 

[%] 

[11] CIP 4.0 247 T 50 -- 270 -- 7 

[13] CIP 1 200 C&T 

0 69 700 780 1.5 

15 69 650 770 1.8 

30 65 500 650 2.1 

50 -- 400 570 2.2 

[16] HIP 0.6-1.0 100-300 T 

0 -- 641 847 1.4 

15 -- 630 778 2.4 

30 -- 554 734 5.4 

[27] HIP 5 120 C 10 -- 600-640 -- -- 

[28] CIP 0 300 C&T 0 -- -- 800-945 8 

[29] HIP 2.7-3.5 120-338 C&T 10 -- 575-612 -- -- 

[30] -- -- -- T 100 71 145 290 22 

C: compression, T: tension 

 

There has been some study on the different effects acting on bimodal Al 5083, but it is by 

no means complete and, in areas such as the effects of strain rate discussed below, there is some 

disagreement.  In addition, differences in the conditions of the experiments described below 

leave room for further examination of the effects. For example, there has been much work on the 

compressive properties of this material. However, compression-tension asymmetry has been 

observed in this material [10,29] as well as in similar materials such as a cryomilled Al-10Ti-

2Cu alloy [31]. Therefore, compression tests may not be sufficient to adequately describe the 

material’s behavior when loaded in tension. Also, as described in Section 2.1, the process 
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parameters used during the creation of the material, notably CIP versus HIP, also affect the 

material’s properties [9]. Thus, in order to provide fundamental insight into the behavior of these 

bimodal materials, additional mechanical behavior studies are required. 

At the most basic level, the CG ratio used to produce the material affects its properties; 

this is indeed the reason why the CGs are included. As may be expected, as the CG ratio rises the 

material behaves more like a conventional Al alloy (low strength, high ductility) and less like a 

UFG alloy (high strength, low ductility). Thus, for a given application and its attendant strength 

and ductility requirements, there exists an optimal CG ratio. In their work, Han et al. [13], 

attribute the enhanced ductility to the crack bridging effect of adding CG powder to the material, 

while high strength is retained from the UFG regions. 

Another effect, perhaps the most extensively examined effect acting on the material, is 

the effect of strain rate. However, conclusions on this effect seem to have been drawn 

exclusively from compression tests of the material. Two studies, conducted on bimodal Al 5083, 

have examined the strain rate effect in compression tests between 10
-4

 and 10
-1

 s
-1 

[27,29]. In one 

(Fan et al., 2006), tensile tests were also conducted, but the results of these tests in relation to the 

strain rate effect are not presented. The conclusions of these studies are that as strain rate is 

increased, this material’s strength decreases and ductility increases.  

Others have studied the strain rate effect in UFG-only Al. Han et al. varied the tensile 

strain rate between 4E-4 and 4E-2 s
-1

, and did not observe a significant strain rate effect [32]. A 

different study by Han et al. again found a small increase in ultimate strength of the material at 

lower strain rates but, contrary to the studies mentioned above, noted a decrease in ductility as 

strain rate was increased [33]. Strain rate jump experiments conducted by Hayes et al. on 

nanocrystalline pure Al also showed little strain rate sensitivity [34].  
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Another property of bimodal Al 5083 that has had some study devoted to it is the 

anisotropy derived from the extrusion process. Han et al. studied the differences in longitudinal 

and transverse samples in compression tests of the material [13]. They observed a significant 

decrease in strength and ductility in the transverse specimens when compared to the longitudinal 

specimens. This sort of anisotropic effect is common in extruded materials. 

Size is another factor that has been shown to produce significant effects on mechanical 

behavior [35-38]. There are several different manifestations of the size effect that may serve to 

either strengthen or weaken a material. The most obvious size effect in this material is its 

increased strength due to the reduction in grain size. This “grain size effect” is discussed in 

Section 1.1. Other size effects occur as the dimensions of a specimen become comparable to the 

dimensions of a single grain and thus the specimen may have only a few grains across its cross-

section. A consequence of this is that the properties and orientations of individual grains become 

more significant in the behavior of the material [35]. This effect has been noted to decrease the 

strength of specimens as they become smaller [35-37]. EBSD analysis of the material used in this 

study has shown that the UFGs are about 100 nm (Figure 2) and that even the large grains of this 

material are much smaller than the size of the specimen. Therefore, this effect is not expected to 

contribute much to the material’s behavior unless there is an analogous effect due to the coarse 

grained bands which can be up to 20 µm wide and 240 µm long, depending on the initial CG 

ratio of the powder [15]. 

Another type of size effect occurs due to the unavoidable surface damage resulting from 

machining. In large specimens, the properties of the damaged region are not significant because 

this region is vanishingly small compared to the total volume of the specimen. However, the 

damaged areas make up an increasingly significant portion of the total material volume as the 
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size of the specimen is reduced. A study on laser sectioned pure Al showed that narrower 

specimens were stronger due to the laser cutting process, which resulted in a hardened area near 

the cut surfaces [38]. Similarly, an affected area has been noted in materials sectioned by electric 

discharge machining (EDM) [39-40], which is how the specimens used in this study are 

produced.  This affected area, which consists of a heat affected zone (HAZ) and a recast layer, is 

typically less than 30 μm thick.  Some reports indicate that HAZ’s may not even occur in Al 

sectioned by EDM [41]. 

 While the general effects of increased temperature (e.g., reduced strength and increased 

ductility) are straightforward, these effects can be complicated in a variety of ways making the 

ultimate effect of temperature not entirely predictable. For example, the failure strain of some 

nanostructured Al-Mg alloys has been noted to have a non-monotonic dependence on 

temperature, meaning that not even the general maxim of increased ductility with increased 

temperature can be taken as absolute [42]. Furthermore, temperature may affect not only the 

material itself, but also interact with the other effects acting on the material, making the problem 

of predicting the material’s properties in a given environment more complicated. 

 As mentioned previously, this aluminum alloy has been observed to exhibit slight 

negative strain rate sensitivity (a decrease in strength at higher strain rates) at room temperature. 

The effects of temperature on strain rate sensitivity are difficult to predict. The room temperature 

sensitivity has been explained by dynamic strain aging (DSA), where solute atoms diffuse to 

block the movement of dislocations. At higher strain rates the atoms cannot move fast enough to 

effectively block the dislocations, leading to negative strain rate sensitivity. 

The effect of temperature on the strain rate sensitivity exponent of the pure UFG form of 

this material has been examined through compression tests [43]. The exponent was small and 
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negative at room temperature and increased to 0.15-0.28 with increasing temperature. The 

increase in the exponent is attributed to diminished work hardening at elevated temperatures. 

Additionally, the effects of loading at dynamic rates have been studied and suggest a change in 

dominance of thermal softening mechanisms with strain rate [44]. At higher rates, the activation 

of effects such as DSA and creep are limited making thermally activated dislocation motion the 

primary method of thermal softening. 

 At least when consolidated by high temperature methods such as HIP or quasi-isostatic 

forging, the UFG microstructure of this material is very stable [44-45]. No significant grain 

growth has been noted after annealing times of as long as 996 hours at 573 K [46]. It is possible 

that the heat added during the HIP process allows the material to recover from cryomilling. If the 

powder is consolidated at relatively low temperatures such as by CIP, it may be that this 

recovery is not possible and that the method of consolidation affects the material’s response to 

temperature. 

 With these effects in mind, a full factorial experiment was designed to test the effects of 

strain rate, CG ratio, temperature, specimen thickness, and anisotropy on a cryomilled bimodal 

Al 5083 alloy consolidated by CIP and extruded. This experiment will test these effects on the 

material’s mechanical properties though uniaxial tensile tests. 
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CHAPTER 3  

EXPERIMENTAL PROCEDURES 

 

3.1 Material Fabrication  

UFG Al powder was synthesized by cryomilling Al-5083 powder in liquid nitrogen (~77 

K) for 8 hours. The UFG powder was V-blended (a low-shear method of mixing powders) with 

the unmilled powder to create 10, 20, and 30% CG mixtures. The mixtures were then hot 

vacuum degassed at 723 K for 8 hours in order to remove contaminants such as H, C, and O 

resulting from cryomilling. The powder was then consolidated by CIP at room temperature at a 

pressure of approximately 300 MPa for five minutes. To break up PPBs, the material was then 

extruded. The billet was placed in a furnace at 797 K for 30 minutes prior to extrusion. The 

extrusion process, with a ratio of about 6:1, was performed in a high-strain rate Dynapak 

extrusion press which utilizes gas pressure (rather than hydraulics) to force the billet through the 

die in a matter of milliseconds, resulting in a rod about 2 cm in diameter.  

 

3.2 Mechanical Testing  

 Specimens were sectioned via EDM from the material both in the direction of extrusion 

(longitudinal) and across the face of the extruded bar (transverse). The shape and dimensions of 

the specimen are shown in Figure 3. Specimens were sectioned to two thicknesses: 1 mm and 0.5 

mm. The specimen’s dimensions were constrained by the dimensions of the bulk material from 

which they were cut, which was only about 2 cm in diameter. Thus, these specimens are much 
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smaller than the specimens traditionally used in tensile tests. There are no ASTM standards for 

specimens of this size, so the constraints of the bulk material were used to determine the 

specimen dimensions. More information on the design of the specimen can be found in 

Appendix A. 

 

Figure 3. Test specimen. Dimensions in mm. 

 Due to the small size of the specimens, it is crucial to measure the strain directly within 

the gauge length to avoid errors caused by crosshead and load cell compliance and the fixture 

tolerances. Therefore, strain gauges were attached to the specimens per the manufacturer’s 

instructions using Vishay M-Bond 200 adhesive for the room temperature tests and M-Bond AE-

10 adhesive for the high temperature tests. As shown in Figure 4, the gauge’s grid is only about 

0.5 mm by 0.5 mm, and it can measure up to 10% strain. 

 
Figure 4. Specimen with strain gauge attached. Dime included for scale. 
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Tests were conducted on a Test Resources 800LE load frame (Figure 5) under 

displacement control with a 2000 lb (~9 kN) load cell. This frame/load cell combination provides 

a displacement resolution of 0.5 μm and a force accuracy of about ±0.2%.  Strain data was 

captured using a Vishay P3 strain gauge recorder. The range of this instrument was extended as 

described in Appendix B in order to be able to capture a larger part of the plastic region. At 

temperatures above room temperature, the specimens were allowed to soak at the test 

temperature for 30-45 minutes until thermal expansion of the testing apparatus had become 

negligible. 

 
Figure 5. Test Resources 800LE load frame and thermal chamber. P3 recorder is visible in the 

lower left. 

 The full factorial experiment was designed to test three instances of the material, each 

with a different CG ratio, at three temperatures, two material orientations, two thicknesses, and 

two strain rates. As shown in Table 3, this resulted in 72 different combinations of conditions. At 
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least three trials were performed for each combination of conditions, resulting in over 200 

individual tests. 

Table 3 

Experiment Plan  

(repeated for 10%, 20%, and 30% CG ratios) 

 Run 
Temperature 

[K] 
Orientation 

Thickness 

[mm] 

Strain Rate 

[s
-1

] 

1 

293 

Longitudinal 

1 
1.00E-04 

2 1.00E-05 

3 
0.5 

1.00E-04 

4 1.00E-05 

5 

Transverse 

1 
1.00E-04 

6 1.00E-05 

7 
0.5 

1.00E-04 

8 1.00E-05 

9 

383 

Longitudinal 

1 
1.00E-04 

10 1.00E-05 

11 
0.5 

1.00E-04 

12 1.00E-05 

13 

Transverse 

1 
1.00E-04 

14 1.00E-05 

15 
0.5 

1.00E-04 

16 1.00E-05 

17 

473 

Longitudinal 

1 
1.00E-04 

18 1.00E-05 

19 
0.5 

1.00E-04 

20 1.00E-05 

21 

Transverse 

1 
1.00E-04 

22 1.00E-05 

23 
0.5 

1.00E-04 

24 1.00E-05 

 

 The strain rates were selected based on the limitations in the recording rate of the P3 

recorder, which could not record fast enough to generate a meaningful set of data at higher strain 

rates. Likewise, the temperatures were determined by the strain gauges operational limits. It 

should be noted that 473 K is a significant portion of the 863 K melting point of Al 5083 [30] so 
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that in spite of the limitations of the strain gauge, an accurate portrayal of the material’s behavior 

at elevated temperatures was captured. 

 

3.3 Microstructural Analysis  

 Post-test analysis of the fracture surfaces was conducted using optical microscopy and 

scanning electron microscopy (SEM) on a JEOL-7000 FE SEM. The SEM was also used to 

conduct electron backscatter diffraction (EBSD) analysis of the material’s grain structure both 

pre- and post-test. 

 To obtain high quality EBSD images, proper preparation of the sample’s surface is very 

important. Samples were mounted in a conductive resin and allowed to set overnight. After it had 

set, the resin was ground away on a polishing wheel to expose the specimen. The specimens 

were then roughly polished by 600 and 800 grit silicon carbide paper in succession. To remove 

the scratches left over from the grinding process, the samples were polished using 1 μm 

aluminum oxide polishing compound. The specimens’ surface finish was periodically inspected 

under an optical microscope to determine when they had been sufficiently polished. Finally, the 

specimens were placed in a vibratory polisher with 0.05 μm colloidal silica for 4 hours. 

 The specimens were cleaned by putting them in the vibratory polisher with distilled water 

for 30 seconds. They were then placed in an ultrasonic cleaner for 20 minutes and rinsed with 

acetone. To resolve charging issues during the EBSD scan, the surface of the resin puck 

enclosing the specimens was painted with conductive carbon paint.  
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CHAPTER 4  

RESULTS AND DISCUSSION 

 

The following sections will examine the parameters’ effects on the material’s properties. 

The properties examined here elastic modulus, yield strength, ultimate tensile stress (UTS), and 

ultimate strain. These points are depicted on a sample stress-strain curve in Figure 6. The elastic 

modulus, E, is the slope of the initial linear elastic region of the stress-strain curve. It is 

determined by taking the slope of a line fit to this region of the curve. The yield stress is 

determined by the 0.2% offset method. In this method, a line with a slope equal to the elastic 

modulus and a strain-intercept of 0.002 is plotted. The yield stress, σy, is the point where this line 

intersects the stress-strain curve. The UTS is simply the curve’s maximum stress value. Note that 

this can occur at any point along the curve, not necessarily at failure. Finally, the ultimate strain, 

εu, is the material’s strain at failure. 
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Figure 6. (a) Elastic modulus, (b) 0.2% offset line, (c) yield stress, (d) UTS, (e) ultimate strain. 

Curve is from a 30% CG ratio, longitudinal, 1 mm thick specimen tested at 293 K and 10
-5

 s
-1

. 

To provide insight into the variables that influence the mechanical behavior of the material 

while reducing the necessary number of experiments, an analysis of variance (ANOVA) 

procedure was used to examine the statistical significance of the effects. ANOVA attributes 

variance in a particular value to different sources. Thus, it helps to determine whether the mean 

values of two or more groups are statistically equal. The results of the analysis are the F-test 

statistic F which compares the amount explained variance to the amount of unexplained 

variance.  This is then used to calculate a probability, p, that the means are equal, or equivalently, 

that the null hypothesis is true (i.e., the factor in question has no effect). A lower p-value 

indicates a stronger correlation, or a smaller chance that there is no effect [47]. The ANOVA 

results for the main effects examined later in this chapter are presented in Table 4. 
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Table 4 

ANOVA Results for Main Effects 

 

E  σy  UTS  εu 

 

F p  F p  F p  F p 

CG Ratio 5.50 0.005  2.82 0.063  1.10 0.336  4.31 0.015 

Temperature 42.71 0.000  267.10 0.000  438.19 0.000  293.43 0.000 

Direction 5.11 0.025  33.99 0.000  41.19 0.000  153.80 0.000 

Thickness 27.84 0.000  0.66 0.416  1.93 0.166  2.66 0.105 

Strain Rate 0.56 0.455  4.57 0.034  7.61 0.007  8.31 0.005 

 

In order to preserve the clarity of the discussion, the results presented below are for room 

temperature tests unless otherwise noted. Section 4.5 deals with the direct effects of temperature 

as well as the interactions between temperature and the other effects. 

 

4.1 CG Ratio Effects 

 Figures 7 and 8 show the effect of CG ratio on the material’s yield strength, UTS, and 

ductility. The material’s increase in ductility with increasing CG ratio was expected; this is the 

very reason for the presence of the CGs to begin with. Likewise, the small decrease in strength 

was expected from the literature. The interesting feature of these figures is that, over the range 

tested, the effect of CG ratio appears to become saturated. This is illustrated most vividly in the 

graph for ultimate strain, which increases drastically between 10% and 20% but shows no 

significant change between 20% and 30%. The increase in yield strength and decrease in 

ultimate strain at 30% shown in the figure is not significant (p >> 0.05) and within the scatter of 

the data. 
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Figure 7. Effect of CG ratio on strength in the longitudinal direction. 

 
Figure 8. Effect of CG ratio on ductility in the longitudinal direction. 

 The coarse grains serve to increase ductility by retarding crack propagation in the UFG 

matrix where they initiate either by blunting the cracks or by delamination of the interface 

between the CG and UFG region [13]. A CG region embedded in the UFG matrix is shown in 

Figure 9. Some delamination is apparent, as well as a large amount of necking. As the CG ratio 

increases, the coarse grained regions cease to be discrete and begin to commingle. Thus, the 
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ability of the CGs to arrest cracks becomes “saturated” as the CG ratio increases. A finite 

element analysis (FEA) study of crack propagation in this material (Figure 10) has shown that 

the crack nucleates at a CG/UFG interface and tends to spread through the CG region first and 

move into the matrix only after the CG region has failed. When the CG ratio increases, the 

distances between the CG regions decreases and it becomes easier for the crack to propagate 

[48].  

 
Figure 9. CG region in the UFG matrix on the fracture surface of a 10% CG material. 

UFG 

CG 
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Figure 10. (a-d) FEA simulation of crack propagation. Purple areas are CGs, blue areas are 

UFGs. Red/green elements have failed. [48] 

4.2 Anisotropy Effects 

 Anisotropy is a common result of the extrusion process, with the material 

typically showing reduced strength and ductility in the transverse direction [30]. These effects 

are attributed to mechanical fibering, elongation of a material’s microstructure in the direction of 

extrusion. Mechanical fibering has been found to reduce the strength and ductility of extruded 

materials tested in the transverse direction [31,49]. 

This material conforms to this generalization, with the test results show that transverse 

specimens are weaker and less ductile than specimens cut in the longitudinal direction, shown in 

Figures 11 and 12. Unlike in the longitudinal direction, increasing CG ratio in the transverse 

direction actually serves to strengthen the material. However, the saturation of the CG ratio’s 

effect above 20% that was noted in the longitudinal direction is still present. While increasing 



24 

 

CG ratio served to increase the ductility of the transverse specimens, their ultimate strain is still 

substantially lower than that of the longitudinal specimens. The stress-strain curves of the 

transverse tests showed little to no plastic deformation, shown in Figure 13.  

 
Figure 11. Effect of anisotropy and CG ratio on strength. 

 
Figure 12. Effect of anisotropy and CG ratio on ductility. 
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Figure 13. Tests at 20% CG ratio showing reduction in plasticity. 

The increased strength with increasing CG ratio could be due to the limited amounts of 

plasticity that the material experienced when tested in the transverse direction. That is, in the 

transverse direction the material’s failure was controlled by its ductility rather than its strength. 

Therefore, as the CG ratio was increased the material became more ductile allowing it to reach a 

higher stress before failing. 

The transverse specimens’ abrupt failure with little plasticity is suggestive of brittle-like 

failure. Observation of the failure profile with an optical microscope (Figure 14) supports this 

observation. Transverse specimens showed a smooth fracture surface perpendicular to the 

direction of the applied force that was unlike the jagged fracture surface found in the longitudinal 

specimens. SEM analysis of the failure surfaces (Figure 15) showed the characteristic “dimpled” 

morphology of ductile fractures in the longitudinal direction, while the transverse samples 

showed a grooved and intergranular fracture texture oriented in the direction of the extrusion 

[50]. Study of this fracture surface suggests that the transverse material failed at a variety of 

length scales. At larger scales it appears to have failed along PPBs left over from CIP and not 
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disrupted during the extrusion process. The finer features of the fracture surface are assumed to 

be due to the material failing along grain boundaries or groups of grain boundaries. 

 

 
Figure 14. Optical micrographs of failure surfaces in profile of (a) longitudinal and (b) transverse 

specimens. The side of the longitudinal specimen shown here has been prepared for strain gauge 

application, while the transverse specimen shows the original EDM surface texture. 

 
Figure 15. Scanning electron micrographs of fracture surfaces in (a) longitudinal and (b) 

transverse directions. 

 

(a) (b) 

(a) (b) 
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4.3 Strain Rate Effects 

 Compression tests of bimodal Al alloys have shown negative strain rate sensitivity 

[10,29]. That is, as strain rate increases, the strength of the material decreases. Likewise, the 

experimental results presented in Figures 16 and 17 also show a reduction in strength at higher 

strain rate. Typically this increase in strength at lower strain rates is accompanied by a loss of 

ductility. However, in this case ductility was observed to increase at the lower strain rate.  

 
Figure 16. Effect of strain rate on strength. 
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Figure 17: Effect of strain rate on ductility. 

 The effect of strain rate on strength is likely due to a phenomenon known as dynamic 

strain aging (DSA). DSA occurs when dislocations are temporarily blocked by obstacles in the 

material, such as solute atoms. This impediment to dislocation motion causes the material to 

become harder. The dislocations are more easily arrested at low strain rates, thus producing the 

observed negative strain rate sensitivity [51]. The stop and start nature of DSA gives rise to the 

Portevin-Le Chatelier effect, serrations in the stress-strain curve.  Serrated stress-strain curves 

have been observed in other tests of bimodal Al as well as the tests presented here (Figure 18) 

[27,32].  
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Figure 18.  Enlarged section of a stress-strain curve from a test on a 0.5 mm longitudinal 

specimen at 1E-5 s
-1

 showing serrations. 

 These results support the previously observed increased strength at slower strain rates. 

However, it is interesting to note that the ductility increased at lower strain rates, contrary to the 

findings of some of the aforementioned compression studies on bimodal Al [27,29]. As in this 

study, Han et al., found an increase in ductility at lower strain rates when conducting tensile tests 

on nanocrystalline Al-5083 [33]. As noted previously, most of the other strain rate tests 

conducted on this material have been compressive so this contradiction may be an effect of the 

test direction. In any event, this increased ductility is attributed to a “diffusion mediated stress 

relaxation mechanism” [33]. Lower strain rates allow more time for solute atoms to diffuse to 

local stress concentration sites where cracks would form and relax the stress in these areas. It 

should be noted that this is different from DSA in that the diffusing solute atoms interact with 

different features (dislocations vs. stress concentrations). 
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4.4 Thickness Effects 

 The specimen’s thickness did not affect its strength or ductility. Surprisingly, the 1 mm 

thick specimens were found to have a significantly (p < 0.01) higher elastic modulus, shown in 

Figure 19. This effect was not expected and not easily explainable from a microstructural 

standpoint so further investigation was required. 

 
Figure 19. Effect of specimen thickness on elastic modulus. 

 To rule out the possibility of this effect being an inherent microstructural difference 

between specimens of different thicknesses, nanoindentation tests were performed on samples of 

the material at the two thicknesses. Nanoindentation is used to characterize the mechanical 

properties of small volumes of a material and can easily determine a material’s elastic modulus. 

During a nanoindentation test, the load on the indenter and its displacement are recorded. This 

data is often represented as a load-depth curve, similar to the ones shown in Figure 20. Various 

aspects of these curves can analyzed in order to extract the elastic and plastic behavior of the 

material. In this case, the initial slope of the unloading portion of the curve (the unloading 

stiffness, S) was studied as it can be related to the material’s elastic modulus using the equation 
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  (Eq. 2) 

where Er is the reduced elastic modulus, and Ac is the projected contact area [52]. The reduced 

elastic modulus is a value that combines the elastic modulus of the indenter and the specimen. 

The material’s elastic modulus can be extracted using the equation 
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  (Eq. 3) 

where ν and E are the elastic modulus and Poisson’s ratio of the material and νi and Ei are the 

elastic modulus and Poisson’s ratio of the indenter [53]. 

 
Figure 20. Load-depth curves from nanoindentation tests conducted on this material in [52]. 

 The tests were carried out on a Hysitron TriboIndenter with a Berkovich indenter tip, 

which produces an indent like the one shown in Figure 21. On each sample, the elastic modulus 

was measured in four locations and averaged. These tests failed to find a difference in elastic 

modulus between the two samples (p = 0.42), so other causes were considered. 
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Figure 21. SEM image of an indent in this material presented in [52]. 

Another possible cause of this difference is the presence of a HAZ resulting from the 

EDM cutting procedure. EDM is known to produce a HAZ with properties different from the 

parent material. On large-scale parts, the HAZ is usually insignificant compared to the bulk 

material. As the size of the part is reduced, the volume of heat affected material makes up a 

larger portion of the part’s total volume. Thus, it is conceivable that this may be responsible for 

the observed difference in elastic modulus. 

The size and properties of the HAZ are known to vary based on a variety of factors and 

the properties of the HAZ may even vary based on depth [39,41,54-55]. This makes it difficult to 

predict its net effect on the material. Further study of the HAZ in this material would be 

necessary to determine its expected effects.  However, if the HAZ was significant in these tests, 

it would intuitively be expected that other properties of the material would be affected [54]. 

Another possible cause for the elastic modulus discrepancy is a product of structural-mechanical 

effects due to either the specimen design or the tensile test set up or procedure. This is supported 
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by the observation that the material’s other properties were not affected by the specimen’s 

thickness. 

Regardless of the ultimate cause, the conclusion that the specimen thickness does have 

some effect is supported not only by the ANOVA results, but also by observation of the fracture 

surface. SEM images of the fracture surfaces showed marked differences between 0.5 mm and 1 

mm specimens, as shown in Figure 22. The 1 mm specimens showed a central region with a 

dimpled texture and a smoother “shear lip” region near the material edges. The thin specimens 

did not show the rough central region; the texture across the whole sample was like the edge 

texture of the thick specimens. 

 
Figure 22. SEM images of fracture surfaces of (a) 0.5 mm and (b) 1 mm specimens in the 

longitudinal direction. 

 The differences in the failure surfaces are readily explained by the nature of ductile 

failure. When the specimen begins to neck, a hydrostatic stress field is created that causes voids 

to nucleate and grow in the middle of the material. These voids then coalesce to from a cavity in 

the center of the specimen, the result of which is the dimpled central region. When the crack 

approaches the edges of the material, it fails suddenly and creates the shear lip [56]. Thus, the 

(a) (b) 
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thicker specimens have more room for the central region to form before the crack approaches the 

specimen surface and fails. 

 

4.5 Temperature Effects 

As discussed in Appendix B, the range of the strain gauge recorder was extended in order 

to capture a larger portion of the plastic region. This was sufficient to record the entirety of the 

tests at room temperature. However, the increases in ductility at higher temperatures regularly 

went beyond even the extended range of the recorder, about 9% strain. Therefore, the 

observations of the effects of temperature on ductility presented here are qualitative and gathered 

from fractographic clues and observation of the tests. 

EBSD images were taken of the material’s microstructure of specimens tested at 293 and 

473 K (Figure 23). The images were taken far from the gauge length to avoid any microstructural 

changes resulting from the material’s deformation and not from the elevated temperature. Figure 

24 shows the grain size distribution of the UFG region in both images. It can be seen here that 

there was no appreciable grain growth due to the test temperature.  

 
Figure 23. EBSD images of the microstructure in the transverse direction of specimens tested at 

293 and 473 K. 

293 K 473 K 
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Figure 24. Histogram of grain size. 

Figure 25 shows representative tests at the three test temperatures to compare the effect 

of temperature on the material’s behavior. At higher temperatures, the material exhibited 

increased ductility, greater than 9%. Qualitative observation of the test results and failed 

specimens showed that ductility continued to increase between 383 and 473 K, though the exact 

magnitude of this effect could not be reliably determined. 

The room temperature tests showed limited plastic deformation and high strength. As the 

material was heated it became much softer and more ductile as temperature increased, showing a 

perfectly plastic region after some work hardening at 383 K. At higher temperature, the stress 

peaked shortly after yielding then began to slowly decrease as strain increased, indicating 

dynamic recovery. As would be expected, the effect of dynamic recovery is more pronounced at 

higher temperature. As seen in Figure 26, the rate of recovery also appears to be affected by the 

CG ratio. The materials with lower CG ratio show greater recovery over the range studied. 
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Figure 25. Effect of temperature on 10% CG material tested in the longitudinal direction 

at 10
-5

 s
-1

. 

 
Figure 26. Enlarged view of the yield region of representative tests at 10

-5
 s

-1
 at 473 K at various 

CG ratios. 

 Recovery is driven by dislocations in thermodynamically unstable structures generated 

during deformation [57]. Thus, a material with a greater dislocation density has more 

thermodynamic “motivation” to recover. A TEM study conducted by the University of 
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California, Davis, on a sample of the 10% CG material tested at room temperature showed that 

the dislocation density was greater in the UFG regions [58]. Since the UFG volume decreases as 

CG volume increases, it is believed that the driving force was reduced at higher CG ratios, 

resulting in diminished recovery. Additionally, as CG ratio decreases, the UFG regions become 

more continuous, allowing the dislocations easier movement and promoting recovery. 

 Figures 27 and 28 show the effect of temperature on the 0.2% yield stress and ultimate 

stress of the material, compared among the different CG ratios and to the material’s parent alloy, 

Al 5083. The effect of temperature appears to be uniform for all CG ratios tested. However, the 

bimodal material exhibits a drastically different response to increased temperature than the 

conventional alloy. The bimodal material also exhibits a more linear response to temperature, 

described by the equations 

 Ty 51.1800  (Eq. 4) 

 TUTS 09.21090  (Eq. 5) 

where T is temperature in K, σy is yield stress, and UTS is the ultimate tensile stress, both in 

MPa. 

 While the conventional material is much weaker at room temperature, it maintains its 

strength better at higher temperatures so that it is stronger than the bimodal alloy at 473 K. 

Higher temperature tests of 0% CG material have shown a similar trend when compared to a 

conventional alloy [45]. In these tests, the material’s losses in strength begin to level out soon 

after about 473 K, though it remains weaker than the conventional material at the same 

temperature. The same pattern of greatly increased strength at room temperature coupled with no 

improvement compared to the conventional material at increased temperatures was also observed 

in a cryomilled Al-Mg-Sc alloy and a nanostructured Al 5083-Al85Ni10La5 composite [59-60]. It 
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appears that the strengthening effect of grain size plays a diminishing role as temperature 

increases. 

 
Figure 27. Effect of temperature on yield stress in the longitudinal direction.  

5083-O data from [30]. 

 
Figure 28. Effect of temperature on ultimate stress in the longitudinal direction. 

5083-O data from [30]. 
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 Observation of the fracture surfaces under SEM (Figure 29) showed the effects of 

increased ductility at higher temperatures. As discussed in Section 4.4, the room temperature 

sample shows a clearly defined dimpled central region where voids nucleated and grew during 

plastic deformation surrounded by a shear lip region. When tested at higher temperature, the area 

of the central region grew and the shear lip region became less well-defined, until it disappeared 

altogether at the highest temperature. Also note how the dimples become larger as temperature 

increases. Evidence of increased plastic deformation at higher temperatures can also be seen in 

the bowing inward of the specimen’s cross section in the 473 K image. 
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Figure 29. Longitudinal fracture surfaces from tests at different temperatures. 

 Figures 30 and 31 show how the strain rate effect changes with temperature. The negative 

strain rate sensitivity noted in Section 4.3 at room temperature can be seen in the slight increase 

in strength at the lower strain rate. As temperature increases to 383 K, the strain rate effect 

becomes positive. Then at 473 K, the material appears to be insensitive to strain rate. ANOVA 

shows this interaction effect to be significant with p-values of 0.047 for the yield strength and 

0.007 for the ultimate strength. 

293 K 383 K 

473 K 
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Figure 30. Interaction of strain rate and temperature effects on yield strength. 

 
Figure 31. Interaction of strain rate and temperature effects on ultimate strength. 

To quantify this observation, the strain rate sensitivity exponent was examined. The strain 

rate sensitivity exponent, m, is defined as  
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where   is the strain rate and T is temperature. The strain hardening exponent was evaluated for 

the yield stress in the longitudinal direction at the three test temperatures and plotted in Figure 

32. 

 
Figure 32. Strain rate sensitivity exponent as a function of temperature. 

Initially, the strain rate sensitivity exponent behaved according to expectations. At room 

temperature, the exponent was slightly negative and it began to increase with temperature. 

However, as the temperature passed 383 K, the exponent decreased again to a slightly negative 

value instead of continuing to increase or at least remaining constant as has been previously 

observed in a similar compression test [43]. 

Further studies will have to be conducted to determine the nature of this effect. It is 

believed that the return of the strain rate sensitivity to a negative value at 473 K signifies the 

activation of new dislocation-blocking obstacles that were unable to diffuse effectively at room 

temperature. It would be expected that at higher temperatures, the strain rate sensitivity exponent 

would return to a positive value. Further investigation would be able to determine which 

obstacles to dislocation movement present in the material are active at a given temperature. 
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As illustrated in Figures 33 and 34, the anisotropic effects on strength that were observed 

in the room temperature tests became less significant as temperature increased. As described 

above, ultimate strains greater than 9% were not able to be recorded, so any temperature effects 

on the anisotropic ductility were difficult to quantify. However, the data presented in Table 5 

suggest that the ductility of transverse specimens was still noticeably, though unquantifiably, 

lower than longitudinal ones. It is difficult to tell whether temperature is working to decrease or 

broaden the gap in ductility. What can be determined with certainty is that a difference in 

ductility exists and persists for all temperatures studied. 

 
Figure 33. Effects of temperature and anisotropy on yield strength. 
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Figure 34. Effects of temperature and anisotropy on ultimate strength. 

Table 5 

Effect of Temperature on Ductility 

Temperature 

[K] 

Ultimate Strain 

[%] 

 Longitudinal  Transverse 

293 2.8  1.0 

383 >9.0  3.5 

473 >9.0  >9.0 

 

 The differences in the fracture surfaces of the longitudinal and transverse specimens that 

were noted in Section 4.2 were also observed at higher temperatures (Figure 35). At higher 

temperature, the grooves of the transverse specimen’s fracture surface became less well defined 

and started to show hints of dimpling. This is indicative of the extension of ductility and the 

plastic region observed in the transverse specimens as temperature increased. The continued 

differences in the fracture surfaces between the two directions support the idea that although the 

material starts to lose some anisotropy as temperature increases, at the temperatures examined in 



45 

 

this work, anisotropy continues to play a significant role in the determination of the material’s 

properties. 

 

 
Figure 35. Fracture surfaces of (a) longitudinal and (b) transverse specimens. 

 

  

293 K 293 K 

473 K 473 K 

(a) (b) 
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CHAPTER 5  

CONSTITUTIVE MODEL 

 

 At room temperature, the material’s behavior was found to be described adequately by a 

combination of Hooke’s law in the elastic region and Joshi’s model for plasticity, shown in 

Equation 6 [61]. 

 c

p

ejssf







 )(  (Eq. 6) 

where σf is the flow stress, σs is the saturation stress, σj is the stress at the start of the plasticity 

model, εp is the plastic strain, and εc is the characteristic strain. The saturation stress and 

characteristic strain were determined for each set of data by performing a least-squares 

regression. 

The start of the plasticity model, σj, can be thought of as a yield stress and is defined as 

the stress at which plastic deformation becomes appreciable [62]. Thus, σj was taken to be the 

point at which Hooke’s law no longer adequately describes the stress-strain curve, that is, when 

the curve becomes nonlinear. This point was read from the experimentally determined stress-

strain curve by fitting a line to the elastic region and then noting the point where the 

experimental curve began to deviate from the fit line. In this material at least, this stress is 

different enough from the 0.2% yield stress that is commonly reported that the two are not 

interchangeable. Both stresses are presented as they are useful in different ways but care is taken 

to distinguish the two. 
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The saturation stress is the final constant stress value that the model approaches as strain 

increases indefinitely [62]. While the saturation stress and UTS are similar, it should be kept in 

mind that they are not equivalent. The UTS is a physical property of the material, while the 

saturation stress is essentially just a number that helps to describe the behavior of the material. 

Thus, the two values in some cases may not show the same responses to an experimental factor. 

The characteristic strain is a proportionality constant that describes the shape of the plastic 

region. A smaller characteristic strain indicates that the model approaches the saturation stress 

more quickly. 

 Because Joshi’s model only describes strain hardening, this model was found to be less 

useful at higher temperatures due to the presence of dynamic recovery effects (see Section 4.5). 

Thus, the constitutive model developed is only valid for the room temperature behavior of the 

material. 

 When combined with Hooke’s law, the constitutive model for this material becomes 
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(Eq. 7) 

where E is the elastic modulus, εj is the Joshi yield strain which can be found by calculating σj/E, 

and εu is the ultimate strain. As shown in Figure 36, this model was found to fit the experimental 

results well. The average model parameters for the conditions evaluated in this test are shown in 

Table 6.  
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Figure 36. Model fit to the experimental data from a 30% longitudinal 1 mm specimen tested at 

10
-5

 s
-1

. 

Table 6 

Average Model Constants 

 CG Ratio  Direction  
Thickness 

[mm] 
 

Strain Rate  

[s
-1

] 

 10% 20% 30%  Long. Trans.  1 0.5  10
-4 

10
-5 

E  

[GPa] 
66.8 71.8 68.0  69.7 68.0  75.9 61.9  69.0 68.7 

σj 

[MPa] 
221 117 167  183 120  163 153  161 155 

σs 

[MPa] 
526 444 448  478 438  457 467  449 475 

εc 0.0054 0.0049 0.0043  0.0046 0.0050  0.0043 0.0052  0.0045 0.0050 

εu 0.011 0.024 0.023  0.028 0.011  0.020 0.019  0.015 0.023 

 

 Many of the effects discussed in Chapter 4 can also be seen in the table, reflecting the 

accuracy of this model in depicting the material’s behavior. It was found that for any given test at 

room temperature, the model fit the experimental data very well. Because of experimental 

scatter, however, when taken as a composite, the models are less of an accurate representation of 
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any single experimental curve. Rather, they depict the average behavior of the material for that 

set of conditions. 

 By taking into account data that was not affected by the changing conditions, Table 6 can 

be collapsed into a version that makes it easier to find the model parameters for a given set of 

conditions. The parameters that proved to be invariant with respect to the test conditions, namely 

elastic modulus and characteristic strain, are considered first. As discussed in Section 4.4 and 

shown in Table 6, the elastic modulus was found to vary with specimen thickness. However, it 

was determined that this was not an intrinsic property of the material but rather a side effect 

resulting from structural-mechanical effects of the testing procedure or specimen design. Thus, it 

is convenient to take the average elastic modulus of all tests, 69 GPa, as the value for all test 

conditions. The same logic can be applied to the characteristic strain to obtain a value of 0.005. 

The remaining data can now be presented in Table 7. Using this table in conjunction with the 

model presented in Equation 7, one can easily and accurately recreate the material’s behavior for 

a given set of conditions.  

Table 7 

Reduced Table of Model Constants 

 Longitudinal  Transverse 

 10
-5 

s
-1

  10
-4 

s
-1

  10
-5 

s
-1

  10
-4 

s
-1

 

 σj σs εu  σj σs εu  σj σs εu  σj σs εu 

10% 243 558 1.9  199 493 1.4  168 569 0.6  235 433 0.4 

20% 123 444 4.1  134 446 3.1  103 433 1.4  113 447 1.1 

30% 182 466 4.0  219 466 2.1  128 467 1.9  144 397 1.9 

σj, σs, in MPa; εu in % 
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CHAPTER 6  

CONCLUSIONS 

 

6.1 Effects of Test Parameters 

 A full-factorial experiment was designed and implemented to determine the effects of 

strain rate, specimen size, anisotropy, CG ratio, and temperature on a bimodal Al alloy in 

uniaxial tension. Through stress-strain data collected during the tests as well as post-test data 

gathered though fractography and microscopy, the following conclusions were drawn: 

 Increasing the CG ratio of the material was found to increase its ductility and slightly 

lower its strength. The effect of adding CGs appears to become saturated at some point as 

there was little difference in the strength and ductility of the 20% and 30% CG materials. 

 The material is anisotropic and exhibits drastically reduced strength and ductility when 

loaded in the transverse direction. The fracture surface between these two directions is 

also noticeably different. 

 In the transverse direction, increasing CG ratio actually serves to increase the material’s 

strength. This is believed to be due to the material’s failure when loaded in the transverse 

direction being limited by ductility rather than strength. 

 At room temperature, a small amount of negative strain rate sensitivity was observed. 

The stress-strain curve of the material was serrated, consistent with DSA effects. The 

ductility of the material was noted to increase at lower strain rates, attributable to a stress 

relaxation mechanism. 
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 There was no effect of specimen thickness on the strength or ductility of the material. 

However, a significant increase in elastic modulus was noted in the thicker specimens 

which was attributed to structural-mechanical effects inherent in the specimen design or 

testing apparatus. This highlights the necessity of care that should be taken when 

designing non-standard specimens. 

 The material’s strength decreased and ductility increased as temperature was increased 

from 293 to 473 K. At 473 K, the strength of this material is less than that of Al 5083 at 

the same temperature. Although ultimate strain often exceeded 9% and was thus not able 

to be measured, the observations of increased ductility are supported by fractographic 

evidence. The presence of dynamic recovery was noted, and the amount of recovery was 

observed to be dependent on CG ratio. 

 The strain rate sensitivity of the material was found to depend non-monotonically on 

temperature. The strain rate sensitivity exponent was slightly negative at 293 and 473 K 

but solidly positive at 383 K. 

 The anisotropic effects on the material’s strength were observed to become less 

significant as temperature increased. However, the textural differences in the material’s 

fracture surface were largely maintained, with some indications of increased ductility. 

 EBSD analysis failed to find a significant amount of grain growth in tests conducted at 

high temperature compared to tests at room temperature. 

 At room temperature, the material’s behavior was found to conform well to a 

combination of Hooke’s law and Joshi’s plasticity model. A constitutive model was developed to 

describe the effects of the test parameters on the material’s properties. Because of dynamic 

recovery, this model was not as accurate at describing the material’s high temperature behavior. 
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6.2 Contribution 

 This work has added to the understanding of how the mechanical properties of bimodal 

materials, this alloy in particular, respond to changes in their testing conditions. This knowledge 

can be extended to the use of these materials in design applications. The material presented here 

also broadens the knowledge of why these materials behave in the manner they do, allowing for 

them to be more intelligently engineered in the future. The constitutive model developed 

provides a starting point for the development of finite element simulations incorporating this 

material. Finally, this work serves to demonstrate a method of performing tensile tests on 

miniature, non-standard specimens as well as highlighting some challenges that may arise from 

the use of such specimens. 

 

6.3 Future Work 

 This study provided a basis for the exploration of the effects present in this material. 

Larger and different parameter ranges than those used in this work should be investigated in 

order to have a broader understanding of this material’s behavior under all conditions. Other 

possible effects which were not considered here, such as creep, should be examined.  

 A major question raised by this work but ultimately left unanswered was that of the 

nature of the strain rate sensitivity’s dependence on temperature. This effect does warrant further 

study and consideration in order to develop a more complete knowledge of this material. 

Likewise, experimental work should be carried out in order to examine the theories presented 

here to explain the effect of thickness on the measured elastic modulus. In this and other areas, 

this work has also highlighted the need for the development and implementation of standard 

specimen designs and testing procedures for very small specimens.  
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APPENDIX  A 

SPECIMEN AND TEST FIXTURE DESIGN 

 

The test specimens used in this study had some unique requirements imposed upon them. 

They had to conform to the dimensions of the extruded rod, which was about 2 cm in diameter. 

Since it is desirable to use the same specimens in the longitudinal and transverse directions, the 

entire length of the specimen, including the grip area and gauge length, could not exceed 20 mm. 

This, and the fragility of such a small amount of material, precluded the use of many 

commercially available tensile test grips. Thus, compatible grips also had to be designed. 

Early specimen designs were plagued with problems including slipping out of the test 

fixture when a load was applied and not breaking in the gauge length (Figure 37). To combat 

both of these problems, a new specimen was designed that maximized the grip area while 

minimizing the width of the gauge area. The cross section of the gauge area was made non-

uniform in order to avoid the stress concentrations that had been causing the previous designs to 

break in unwanted ways. 
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Figure 37. (left, middle) Old specimen designs showing unwanted failure locations. (right) Final 

specimen design with an acceptable failure location. 

To accommodate the specimen’s small size, custom tensile grips were designed and 

produced. These grips, shown in Figure 38, were designed to allow the specimens to be easily 

fixed in spite of their small size, while still being able to impart a sufficient force upon them. 

This was accomplished by using bolts to clamp the specimen between the two halves of the grip. 

The inside surfaces of the halves were grooved to allow the grips to maintain their hold on the 

specimen and prevent slipping. 

 
Figure 38. Tensile grips. 
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The specimen’s unconventional design was found to perform as intended. The final design 

of the specimen was found to solve these problems and still produce reliable data, attested to by 

comparison of the data presented here with Table 2. However, as evidenced by the discrepancies 

in elastic modulus discussed in Section 4.4, using non-standard specimens carries an inherent 

risk and such specimens should be used carefully. 
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APPENDIX  B 

EXTENDING THE RANGE OF THE P3 STRAIN GAUGE RECORDER 

 

 From the factory, the Vishay P3 recorder has an upper limit of about 30,000 με. The 

increases in ductility associated with the higher temperature tests was often enough to go beyond 

the instruments capabilities. The recording range of this instrument can be extended by adding 

attenuating resistors to the signal wires in series with the strain gauge (Figure 39), thereby 

“cutting” the signal and increasing range at the cost of resolution. The relationship between the 

size of the attenuating resistors and the increase in the instrument’s range is described by 

Equation 8. 

 
G

LGatt

ext
R

RRR
r

)( 
  (Eq. 8) 

where rext is the factor that the range is extended by, Ratt is the value of the attenuating resistors, 

RG is the gauge resistance (120 Ω for the gauges used in these experiments), and RL is the lead 

wire resistance (assumed to be negligible) [63]. 
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Figure 39. Placement of attenuating resistors in a quarter-bridge configuration. 

 The implementation of this procedure to increase the range has an unfortunate side effect 

of causing the recorder to no longer record “true” strain; that is, the strains shown on the 

instrument are reduced by the same factor that the range is increased by (a strain of 15,000 με is 

displayed as 5,000 με for a 3x range extension). However, this can easily be compensated for by 

reducing the gauge factor given to the P3 by the same factor that the range was increased. For 

example, if the range was extended by a factor 3 and the strain gauges used have a gauge factor 

of 2.15, the gauge factor input to the P3 should be 2.15/3 = 0.717 [63]. 

 In this study, 240 Ω precision resistors were added to extend the recorder’s range by a 

factor of 3, for a maximum strain of 90,000 με or 9%. This resistance value was chosen because 

it caused the instrument’s maximum to be near the strain gauge/adhesive installation’s maximum 

of about 10%.  
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