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Metal fatigue is a recurring problem for metallurgists and materials engineers, especially 

in structural applications. It has been responsible for many disastrous accidents and tragedies in 

history. Understanding the micro-mechanisms during cyclic deformation and combating fatigue 

failure has remained a grand challenge. This research endeavors to contribute to the current 

understanding of the fatigue failure mechanisms. The main focus is on crack initiation and 

propagation mechanisms, and how stage I and stage II cracks interact with the different 

microstructural features. Three unique microstructural conditions have been tested for fatigue 

performance at room temperature, 150 °C and 200 °C. Detailed fractography has been performed 

using optical microscopy, scanning electron microscopy (SEM) and electron back scattered 

diffraction (EBSD). These tools have also been utilized to characterize microstructural aspects like 

grain size, eutectic silicon particle size and distribution. Cyclic deformation at low temperatures 

is very sensitive to the microstructural distribution in this alloy. The findings from the room 

temperature fatigue tests highlight the important role played by persistent slip bands (PSBs) in 

fatigue crack initiation. At room temperature, cracks initiate along PSBs in the absence of other 

defects/stress risers, and grow transgranularly. Their propagation is retarded when they 

encounter grain boundaries. Another major finding is the complete transition of the mode of 

fatigue cracking from transgranular to intergranular, at 200 °C. This occurs when PSBs form in 

adjacent grains and impinge on grain boundaries, raising the stress concentration at these 

locations. This initiates cracks along the grain boundaries. This work has extended the current 

understanding of fatigue cracking mechanisms in A356 Al alloys to elevated temperatures. 



 

ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright 2016 

by 

Phalgun Nelaturu



 

iii 

ACKNOWLEDGMENTS 

First, I would like to express my sincerest gratitude to my advisor, Prof. Rajiv S. Mishra. 

He afforded me complete freedom in carrying out my research, always steering me in the right 

direction with his invaluable inputs. I could not have asked for a better mentor and role model. 

It has been an honor and privilege to learn from him and complete my Ph.D. under him. 

I am grateful to my committee members - Dr. Rajarshi Banerjee, Dr. Marcus L. Young, Dr. 

Sundeep Mukherjee, and Dr. Zhiqiang Wang - for serving on my Ph.D. committee, and their 

invaluable comments and suggestions in improving the quality of my dissertation. 

I would like to thank Dr. Saumyadeep Jana at Pacific Northwest National Laboratory for 

his constant involvement in my work, and valuable suggestions and mentorship.  

I would like to thank Mr. Eric Bowman for his assistance in setting up the fatigue testing 

apparatus, and helping me understand the inner workings of the various machines in the lab.   

I would also like to thank all my friends and lab mates for their companionship and 

assistance throughout the duration of my graduate studies. Special thanks to Shamiparna Das for 

discussing complex concepts and helping me improve my dissertation. 

I would like to convey my most heartfelt thanks to Garima Bajwa, whose presence in my 

life has meant the world to me. Thank you for your unconditional love and friendship.  

I also thank Haritha Malladi for being an important part of my life and making me the 

person I am today. 

Finally, I owe everything that I have achieved to my parents and brother. My extended 

family - grandparents, aunts, uncles and cousins - have always believed in me and supported me 

in all my endeavors. I will forever cherish their unwavering love and encouragement.  



iv 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS..................................................................................................................iii 

LIST OF TABLES.............................................................................................................................. vi 

LIST OF FIGURES............................................................................................................................vii 

CHAPTER 1 INTRODUCTION........................................................................................................... 1 

CHAPTER 2 BACKGROUND AND LITERATURE REVIEW................................................................... 4 

2.1     Cast A356 Al Alloy..................................................................................................... 4 

2.2     Friction Stir Processing............................................................................................. 7 

2.3     Objectives………………................................................................................................ 9 

CHAPTER 3 EXPERIMENTAL PROCEDURE .................................................................................... 11 

3.1     Material.................................................................................................................. 11 

3.2     Friction Stir Processing........................................................................................... 11 

3.3     Heat Treatment ………............................................................................................. 11 

3.4     Tensile Tests ……………………….................................................................................. 12 

3.5     Fatigue Tests ……….................................................................................................. 13 

3.6     Microscopy ……………………...................................................................................... 17 

CHAPTER 4 MICROSTRUCTURAL CHARACTERIZATION………………………........................................ 19 

4.1     Cast……………........................................................................................................... 21 

4.2     FSP-AGG…………….................................................................................................... 22 



 

v 

4.3     FSP-fine................................................................................................................... 24  

4.4     Grain Size Distribution............................................................................................ 26  

4.5     Grain Boundary Character...................................................................................... 28  

CHAPTER 5 TENSILE DEFORMATION BEHAVIOR……………………………............................................ 30  

CHAPTER 6 CYCLIC DEFORMATION AT ROOM TEMPERATURE…………………………........................ 47  

6.1     Crack Initiation....................................................................................................... 50  

6.2     Crack Propagation ……............................................................................................ 52  

6.3     Interaction of Fatigue Cracks with Grain Boundaries….......................................... 54  

CHAPTER 7 CYCLIC DEFORMATION AT ELEVATED TEMPERATURES............................................ 71  

7.1     Crack Initiation....................................................................................................... 75  

7.2     Crack Propagation ……............................................................................................ 79  

CHAPTER 8 CONCLUSIONS……………………………………….................................................................. 82  

REFERENCES………………………........................................................................................................ 85 

  



 

vi 

LIST OF TABLES 

Page 

Table 1: Chemical composition of A356 Al alloy used in this work. ............................................. 11 

Table 2: The two sets of processing parameters used to perform FSP on the cast A356 plates. 11 

Table 3: Predicted and calculated values of θ for each numbered grain in Figure 28 ................. 60 

 

  



 

vii 

LIST OF FIGURES 

Page 

Figure 1: Typical microstructures of A356, (a) unmodified cast alloy; (b) Sr-modified cast alloy; 
(c) SEM micrograph of unmodified alloy; (d) SEM micrograph of Sr-modified alloy; (e) heat 
treated, unmodified; (f) heat treated, Sr-modified [11]. ................................................................ 6 

Figure 2: (a) Orientation of the mini-fatigue sample with respect to the FSP run direction; (b) 
Mini-fatigue sample geometry (dimensions are in mm). ............................................................. 14 

Figure 3: Mini-fatigue testing set-up used for room temperature fatigue tests. ......................... 16 

Figure 4: (a) The mini-fatigue testing set-up supported on an aluminum frame; (b) intermediate 
position before testing, and (c) final position during testing, after the entire test assembly is 

swung by 90; (d) the sample and the end of the loading arm are immersed in the oil bath, 
while the rest of the test set-up remains over the oil surface. .................................................... 18 

Figure 5: Mini-fatigue testing set-up used for high-temperature fatigue tests, assembled on a 
steel base plate. ............................................................................................................................ 18 

Figure 6: Microstructures of A356; (a) As-cast, 50x; (b) As-cast, 1000x; (c) Friction stir processed, 
50x; (d) Friction stir processed, 1000x. ......................................................................................... 22 

Figure 7: (a) Inverse pole figure map of the Cast microstructure; (b) Histogram showing the area 
fraction distribution of grains versus the grain size corresponding to (a). .................................. 23 

Figure 8: (a) Inverse pole figure map of the FSP-AGG microstructure; (b) Histogram showing the 
area fraction distribution of grains versus the grain size corresponding to (a). .......................... 24 

Figure 9: IPF maps of the FSP-fine condition, (a) at low magnification, (c) at intermediate 
magnification, and (e) at high magnification. (b), (d), and (f): area fraction versus grain size plot 
corresponding to (a), (c), and (e), respectively. ............................................................................ 26 

Figure 10: Grain size distribution of the three microstructures shown as (a) cumulative number 
fraction versus grain size, (b) cumulative area fraction versus grain size. ................................... 27 

Figure 11: Misorientation angle distribution of the three microstructures. ................................ 29 

Figure 12: Engineering stress-engineering strain curves of the three microstructural conditions 
of A356 alloy at (a) room temperature, (b) 150 °C, and (c) 200 °C. ............................................. 31 



 

viii 

Figure 13: Variation with temperature of (a) yield strength, (b) ultimate tensile strength, (c) 
uniform elongation, and (d) total elongation, of the three microstructural conditions .............. 33 

Figure 14: True stress-true strain curves of the three microstructural conditions of A356 alloy at 
a) room temperature, b) 150 °C, and c) 200 °C. ........................................................................... 34 

Figure 15: Variation with temperature of (a) change in flow stress, and (b) uniform elongation of 
the three microstructural conditions of A356 alloy ..................................................................... 35 

Figure 16: The variation of work hardening rate (dσ/de) of the three microstructural conditions 
of A356 alloy as a function of true plastic strain at (a) room temperature, (b) 150 °C, and (c) 200 
°C. .................................................................................................................................................. 37 

Figure 17: The variation of work hardening rate (dσ/de) of (a) Cast, (b) FSP-AGG, and (c) FSP-
fine, as a function of true plastic strain at the three testing temperatures. ................................ 39 

Figure 18: The work hardening exponent (n) of Cast, FSP-AGG, and FSP-fine plotted against the 
testing temperatures. ................................................................................................................... 40 

Figure 19: Strain hardening rate of the three microstructural conditions plotted as a function of 
stress at a) room temperature, b) 150 °C, and c) 200 °C. ............................................................. 43 

Figure 20: Strain hardening rate of (a) Cast, (b) FSP-AGG, and (c) FSP-fine microstructures 
plotted as a function of stress at the three testing temperatures. .............................................. 45 

Figure 21: S-N curves generated from room temperature fatigue testing of samples of Cast, FSP-
AGG, and FSP-fine samples. .......................................................................................................... 47 

Figure 22: Stress amplitude variation with the number of cycles for (a) Cast, (b) FSP-AGG, and 
(c) FSP-fine. ................................................................................................................................... 48 

Figure 23: a) Crack initiation lives, and b) crack propagation lives plotted against the stress 
amplitude of testing, for the three microstructural conditions. .................................................. 49 

Figure 24: Failed fatigue samples of (a) Cast, (b) FSP-AGG, and (c) FSP-fine showing persistent 
slip bands close to the failed surface. The stress amplitude of testing for each sample is also 
shown on the sample surface. ...................................................................................................... 50 

Figure 25: SEM micrographs of cracks propagating in (a) Cast microstructure, and (b) FSP-AGG 
microstructure .............................................................................................................................. 52 



 

ix 

Figure 26: Schematic representation of the fatigue response of a material as a function of its 
grain size and grain misorientation .............................................................................................. 54 

Figure 27: The S-N curve of FSP-fine showing two distinct curves. .............................................. 55 

Figure 28: (a) Failed surface of FSP-fine fatigue sample that was tested at 139 MPa and failed 
after 8.3×105 cycles; (b) Inverse pole figure map of the region shown in (a) obtained from EBSD 
scan. .............................................................................................................................................. 56 

Figure 29: Schematic showing the growth of a crack across a grain boundary. α and β are the 
twist and tilt angles, respectively, between grain 1 and grain 2. (Modified from [79]) ............... 58 

Figure 30: Plot of the crack deviation angle when in crosses grain boundaries and the 
misorientation angles between the grains of Figure 28. .............................................................. 61 

Figure 31: (a) Failed surface of FSP-fine fatigue sample that was tested at 117 MPa and failed 
after 5.7×105 cycles; (b) EBSD map of the region shown in (a). ................................................... 63 

Figure 32: Stress amplitude variation with the number of cycles for FSP-fine high life - (a), (b), 
(c), and FSP-fine low life - (d), (e), (f). The stress amplitudes of testing are shown on each plot.
....................................................................................................................................................... 63 

Figure 33: (a) Failed surface of FSP-AGG fatigue sample that was tested at 171 MPa and failed 
after 2.2×105 cycles. The numbered arrows point to locations where the crack path deviates 
from the original direction; (b) Inverse pole figure map of the region shown in (a) obtained from 
EBSD scan. ..................................................................................................................................... 65 

Figure 34: Schematic representation of the fatigue response of a material as a function of its 
grain size and grain misorientation, modified from Figure 26 to reflect the higher importance of 
grain boundary character over grain size in determining fatigue performance of a material. ... 66 

Figure 35: S-N curves generated from fatigue testing of samples of Cast, FSP-AGG, and FSP-fine 
samples (a) room temperature, (b) 150 °C, and (c) 200 °C. ......................................................... 69 

Figure 36: S-N curves comparing the fatigue performance of (a) Cast, (b) FSP-AGG, and (c) FSP-
fine, at the three testing temperatures. ....................................................................................... 70 

Figure 37: (a) Crack initiation lives at 150 °C, (b) crack propagation lives, (c) crack initiation lives 
at 200 °C, and (d) crack propagation lives at 200 °C plotted against the stress amplitude of 
testing, for the three microstructural conditions. ........................................................................ 71 



 

x 

Figure 38: Failed fatigue samples showing persistent slip bands on the surface. The top row 
shows the Cast samples, the middle row shows FSP-AGG samples, and the bottom row shows 
FSP-fine. The columns show testing temperatures. The stress amplitude of testing for each 
sample is also shown on the sample surface. ............................................................................... 72 

Figure 39: Plots of the area fraction of the sample surface covered by PSBs versus the stress 
amplitude of testing normalized with yield strength for (a) Cast, (b) FSP-AGG, and (c) FSP-fine.74 

Figure 40: (a) PSBs in adjacent grains in the FSP-AGG microstructure impinging at the grain 
boundary; (b) High magnification view of the region of impingement shows initiation of a crack.
....................................................................................................................................................... 74 

Figure 41: (a) Crack initiated along a PSB within a grain in the FSP-AGG microstructure before 
impinging and continuing along a grain boundary; (b) EBSD map of (a). ..................................... 77 



 

1 

CHAPTER 1 

INTRODUCTION 

Metal fatigue has been an intriguing problem for metallurgists and materials scientists for 

more than a century. It has been responsible for many disastrous accidents and tragedies in 

history [1, 2]. Combating fatigue failure has remained a grand challenge despite the many useful 

insights and breakthroughs made in understanding the micro-mechanisms of cyclic deformation. 

Trying to solve this problem from a mechanistic perspective can only go so far in the engineering 

design against fatigue. The structural component will still eventually fail during its lifetime of use 

[3, 4]. Environmental effects, like temperature or a corrosive medium, only serve to worsen and 

further complicate the problem. Ultimate design against fatigue must eventually come from a 

materials perspective with a fundamental understanding of the interaction of microstructural 

features with dislocations, under the influence of stress, temperature, and other factors. Only 

then can we design and build the wonder material that will, theoretically, never fail under any 

loading condition. Alternatively, if we are less ambitious, we can at least effectively prevent or 

delay fatigue failure in engineering components to avoid major catastrophes and tragedies.  

With these objectives in mind, my Ph.D. research has been an endeavor to contribute to 

the current understanding of the fatigue failure mechanisms. This work utilizes an A356 

aluminum alloy in three different microstructural conditions to investigate fatigue behavior at 

room temperature, 150 °C, and 200 °C. The main focus is on crack initiation and propagation 

mechanisms, and how stage I and stage II cracks interact with the different microstructural 

features. The following paragraphs describe the flow of the dissertation, explaining the contents 

of each chapter. 



 

2 

Chapter 2 introduces the relevant literature on the A356 cast aluminum alloy system used 

in this study. The first section is on the current state of the research on the fatigue behavior of 

his alloy. The second section details the published literature on the microstructure modification 

of the A356 alloy for fatigue. The last section explains the motivation and objectives of my Ph.D. 

research. 

Chapter 3 details the materials used, the experimental procedure followed, and all the 

tools used in the testing and characterization of the material during this entire work. The chapter 

includes a description of the friction stir processing parameters, tensile tests, fatigue tests and 

all the microscopy performed.  

Chapter 4 describes the three microstructural conditions obtained and evaluated for 

mechanical properties. The chapter goes into the details of Si particle and grain size distribution, 

with particular emphasis on the grain size and grain boundary character.  

Chapter 5 focuses on the tensile behavior of the alloy. It details the strength and 

elongation values obtained for the three microstructural conditions at ambient and elevated 

temperatures. It also compares their work hardening behavior. 

Chapter 6 discusses the room temperature fatigue performance of the three 

microstructural conditions which show widely differing responses to fatigue. This chapter also 

discusses the crack initiation and propagation mechanisms in detail, correlating the difference in 

fatigue performance to the grain structure.  

Chapter 7 discusses the elevated temperature fatigue behavior of the three 

microstructural conditions. The strong influence of microstructure on fatigue response, observed 

at room temperature, diminishes with increasing temperature. The chapter highlights the effect 
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of temperature in negating microstructure and bringing out the true material behavior. The 

reasoning is based on the change in crack initiation and propagation mechanisms. 

Chapter 8 summarizes the entire work and highlights the major contributions of this work 

to the existing fatigue literature. Also mentioned are the various directions that future work on 

this research could take. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Cast A356 Aluminum Alloy 

Aluminum alloys have grown at a rapid pace in the past few decades and replaced steel 

components in a variety of applications. Cast aluminum-silicon alloys, especially alloy A356, are 

finding applications in diverse industries like electrical hardware, marine hardware, pump bodies, 

automobile wheels, chassis, suspensions and even engine components [5].  

A356 is considered to be the workhorse among cast aluminum alloys for automobile 

structural applications. It has several advantages over other aluminum alloys. One significant 

merit is its excellent castability, which enables the direct casting of components in their near-net 

shapes. Silicon, as the main alloying element, improves the fluidity of the cast melt and reduces 

shrinkage, hot tearing, and cracking. One unique feature of the Al-Si phase diagram is the very 

low solubility of silicon in aluminum (maximum of 1.65% at the eutectic temperature) and the 

comparatively high eutectic composition (12%). Si phase separates almost entirely from the Al 

matrix when cooled below the eutectic temperature resulting in the solidification of the alloy 

being essentially isothermal [5-8]. The isothermal solidification combined with the low thermal 

expansion coefficient of Al-Si alloys is the reason for the reduced hot shortness and enhanced 

castability.  

Silicon has very high elastic modulus and forms very hard second phase particles upon 

separating from the Al matrix, making A356 highly wear resistant [8, 9]. Si combines with 

magnesium and forms Mg2Si precipitates that are the principal contributors to the strengthening 

mechanism in A356 [10]. The most commonly followed heat treatment procedure to improve the 
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strength of the as cast A356 is the T6 treatment. The treatment consists of solutionizing the alloy 

at 540 °C for 12 hours, quenching in water at 65-100 °C and followed by aging treatment at 155 

°C for 3-5 hours. Solutionizing the alloy achieves multiple objectives like homogenizing the 

microstructure, spheroidizing the Si particles, reducing the microsegregation of alloying 

elements, dissolving Mg and Si, and forming a supersaturated solution. During the subsequent 

aging, Mg2Si precipitates into the Al matrix (dendrites) [6, 7]. Mg2Si precipitates form very fine, 

coherent, and shearable particles and are the main strength providers in the alloy. 

Strontium is added in quantities ranging from 0.01% to 0.025% to modify the morphology 

of the Si particles. In the unmodified alloys, Si particles have a coarse, plate-like morphology with 

very high aspect ratios. These particles act as local stress risers, accelerating crack initiation and 

leading to a poor mechanical performance in tension and fatigue. In the Sr-modified A356 alloy, 

the Si particles are very fine with fibrous, broom-like morphology (Figure 1). The aspect ratio of 

the particles is lower compared to particles in the unmodified alloy. The smaller size and aspect 

ratio means that the number density of the Si particles is much higher in the Sr-modified alloy 

[11].  

After T6 heat treatment, the particles in the Sr-modified A356 are almost fully 

spheroidized while the particles in the unmodified alloy still have significantly high aspect ratios 

(Figure 1(e) and (f)).  

Iron is present as an impurity in all A356 alloys. On combining with Al, Si, and other 

alloying elements Fe forms complex, hard intermetallic phases. The most stable and common of 

these in low Mg A356 alloys is the β phase, Al5FeSi, which forms as acicular, needle-like particles 
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or very thin plates. These act as sites of stress concentration, which have the effect of reducing 

ductility and fatigue performance [12].   

 

Figure 1: Typical microstructures of A356, (a) unmodified cast alloy; (b) Sr-modified cast alloy; 
(c) SEM micrograph of unmodified alloy; (d) SEM micrograph of Sr-modified alloy; (e) heat 

treated, unmodified; (f) heat treated, Sr-modified [11]. 

Many researchers have extensively assessed the fatigue behavior of cast A356 alloy [12-

25]. The microstructure mainly consists of coarse, primary α-aluminum dendrites and 

interdendritic Al–Si eutectic regions. The distribution of Si particles is not uniform throughout the 

aluminum matrix and is restricted to the interdendritic regions. Inhomogeneities in the 

microstructure like casting porosities, non-metallic inclusions, embrittling intermetallic phases, 
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irregularly shaped particles, and non-uniform distribution of secondary phases, severely limit 

fatigue life. Current attempts to improve mechanical properties of these alloys focus on the 

modification of microstructure by  

 Adding alloying elements, for example, Sr to modify the morphology of Si particles 
[26, 27] 

 Heat treatment to improve strength and spheroidize Si particles [28] 

 Changing cooling rates during solidification to manipulate dendrite arm spacing [29, 
30] 

Though these techniques have improved the fatigue performance of A356 alloys, they 

have not been able to get rid of the main sources of crack initiation and propagation, namely the 

casting porosities. None of these processes directly intervene in the microstructure. A356, being 

extremely brittle, cannot be subjected to any forming operations, which require a material to 

possess substantial plasticity. The above techniques do have a significant effect on the shape and 

morphology of the Si particles but do not have the ability to modify the non-uniform Si particle 

distribution and their concentration in the interdendritic regions of the cast microstructure. This 

non-uniform distribution of Si particles results in non-uniform distribution of strain, which in turn 

results in localized regions of stress concentrations. Cracks initiate in these regions leading to 

failure. 

2.2 Friction Stir Processing 

Friction stir processing (FSP), an off-shoot of friction stir welding, is an emerging solid 

state processing technique used to achieve microstructural modification in a variety of metals 

and alloy systems [31, 32]. Researchers are routinely subjecting aluminum and magnesium alloys 
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to FSP to improve their mechanical response to external stress and temperature [33-35]. The 

severe plastic deformation of the material during FSP refines the grain structure and modifies the 

crystallographic texture [35-43]. 

In FSP, the tool has the dual function of providing heat input as well as facilitating material 

flow. The friction between the surfaces of the rotating tool and the material generates heat. The 

force of the tool shoulder on the material surface provides the major component of heat; heat 

generated from other surfaces of the tool is much less compared to the shoulder. This heat 

softens the material and leads to its plastic flow from the advancing to the retreating side of the 

rotating tool during the FSP run [44, 45]. 

Friction stir processing is one of the most efficient routes to solving the problems of a cast 

microstructure and improving fatigue performance of A356 alloy further than the best possible 

performance achievable with a dendritic microstructure. During friction stir processing, the FSP 

tool directly intervenes in the microstructure and breaks down the dendritic microstructure of 

the cast material. Ma et al. [46-48] have reported that after FSP the microstructure is refined 

with a random, homogeneous distribution of second phase particles. In friction stir processed 

A356 alloy, most of the Si particles are very fine and equiaxed. All casting porosities are 

completely eliminated. Sharma et al. [49, 50] investigated the fatigue response of A356 alloy after 

FSP and showed that the improved microstructure results in enhanced fatigue behavior in the 

alloy. Fatigue strength threshold in FSP material increased by more than 80% due to the 

elimination of porosities as well as a reduction in Si particle size and aspect ratio. Jana et al. [51-

54] have also extensively researched the effect of FSP on microstructure and mechanical 

properties of A356 alloy. Their detailed study of crack growth characteristics in cast and FSP A356 
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alloy has several significant findings [52]. They concluded that resistance to crack growth 

increases after FSP, which can be attributed to a more ductile aluminum matrix that exhibits 

more uniform plastic deformation. When the fatigue crack encounters the Si particles, it is 

deflected to follow the particle–matrix interface. This crack meandering reduces crack growth by 

increasing the total crack length and decreasing the effective stress intensity at the crack tip. 

Multi-pass FSP also has been utilized to homogenize microstructure over a large area resulting in 

a random distribution of Si particles with uniform size and aspect ratio [48, 54]. 

2.3 Objectives 

 Improve the fatigue life of cast aluminum alloys through microstructural modification 
by friction stir processing, with applications in automobile engine components. 

 Understand the effect of temperature on the interaction of dislocations with various 
microstructural features of a material. 

The primary objective of this work is to utilize FSP to obtain wrought microstructures and 

investigate the fatigue performance at different temperatures. The microstructural features that 

interact with dislocations at room temperature and elevated temperatures are: 

 Primary Si particles 

 Secondary Si particles 

 Grain boundaries 

 Mg2Si precipitates 

A framework will be developed, incorporating these features and their interactions with 

dislocations, which will give us a complete picture of the fatigue behavior of the alloy at all 
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temperatures. This will be a valuable addition to the current literature on the creep-fatigue 

behavior of aluminum alloys. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 Material  

This study used A356 Al alloy with the chemical composition shown in Table 1. Dr. 

Saumyadeep Jana and Dr. Glenn Grant at Pacific Northwest National Laboratory (PNNL), Richland, 

Washington were collaborators and supplied the cast and FSP A356 plates. 

Table 1: Chemical composition of A356 Al alloy used in this work. 

Element Al Si Mg Fe Sr Ti 

Wt. % 92.34 7.1 0.35 0.08 0.02 0.106 

At. % 92.68 6.78 0.39 0.038 0.006 0.06 

3.2 Friction Stir Processing 

PNNL performed the FSP on this alloy using a conical, step-spiral tool. Two different FSP 

conditions (FSP 1 and FSP 2) were used to obtain different microstructures and mechanical 

responses. FSP 1 was performed at a tool rotation rate of 1500 RPM and tool traverse speed of 

102 mm/min. This FSP condition had high heat input. FSP 2, on the other hand, was a cold run 

and was performed at 300 RPM and 4 mm/min. Table 2 summarizes the friction stir parameters 

used in the two conditions. Both FSP conditions had a plunge depth of 5.6 mm. 

Table 2: The two sets of processing parameters used to perform FSP on the cast A356 plates.  

FSP condition Rotational speed (RPM) Traverse speed (IPM) 

FSP 1 1500 4 

FSP 2 300 4 



 

12 

3.3 Heat Treatment 

The cast and FSP materials were heat treated differently. The cast A356 material was 

subjected to T6 heat treatment that involved solutionizing the material at 535 °C for 5 hours, 

quenching in water, and then aging at 160 °C for 5 hours. The post weld heat treatment (PWHT) 

of the two FSP conditions involved solutionizing at 535 °C for only 2.5 hours. The materials were 

then water quenched and aged at 160 °C for 5 hours. The heat treatment process generated 

three unique microstructural conditions - Cast, FSP-AGG, and FSP-fine. 

3.4 Tensile Tests 

A custom-built testing system was used to perform the mini-tensile tests. A 500 lb load 

cell, directly connected to one of the sample holding grips, and a linear variable differential 

transformer (LVDT) measured the applied load on the sample and the displacement of the grips, 

respectively, during the test. A National Instruments USB 6009 data acquisition card captured the 

load and displacement values from the load cell and LVDT, respectively, and fed into a .txt file on 

the computer.  

A hollow, split tube furnace, manufactured by Applied Test Systems, Inc., achieved the 

heating of the sample during high-temperature tensile tests. It covered the specimen and the 

grips completely and maintained a stable temperature around the specimen. Control of the 

furnace was independent of the control of the rest of the tensile tester. The furnace was 

preheated to the required testing temperature before placing the sample in the grips. Once 

gripped, the sample was allowed to soak for 10 minutes before commencing the test. 



 

13 

The tensile tests were carried out on dog bone shaped mini-tensile samples with gage 

length 2 mm, width 1 mm and thickness 1 mm. For the Cast condition, the samples were milled 

from a surface 2 mm below the top surface of the plate. For the two FSP conditions, the tensile 

samples were cut out from within the processed zone orientated along the longitudinal direction 

of the FSP run. All the tensile samples were mechanically polished using silicon carbide based 

abrasive papers, starting at 400-grit and going finer progressively, up to 1200-grit. Final polishing 

was done with a water-based polycrystalline diamond suspension of 1 µm grit size to obtain a 

mirror finish. The three microstructural conditions were evaluated for tensile properties at room 

temperature (RT), 150 °C, and 200 °C at a strain rate of 10-3 s-1. 

3.5 Fatigue Tests 

Fully reversible (stress ratio, R = -1) bending fatigue tests were performed on mini-sized 

samples for the three microstructural conditions, at three testing temperatures - room 

temperature, 150 °C and 200 °C. The frequency of the cyclic loading was 20 Hz. 

The maximum bending stress is experienced by the gage section and is given by  

𝜎 =
6𝑃𝐿

𝑡2𝑤
 

where P is the force measured at the point of load application using a load cell, t is the thickness 

of the sample, and w is the width of the sample at a distance L from the point of load application 

[55]. 

3.5.1 Sample Preparation 
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The location from where the fatigue samples were milled, and their orientation, for the 

three microstructural conditions, were the same as the tensile samples. The samples were milled 

using a CNC machine. Figure 2(a) shows the orientation of the fatigue sample on the FSP material. 

The gage length was parallel to the FSP run, along the longitudinal/processing direction.  

Figure 2(b) shows the geometry of a mini-fatigue sample. The tapered section of the 

sample (region of minimum width) is the gage. The gage length is 3.05 mm. There are holes on 

the grips (wide regions at either end) that help in aligning the sample at a fixed position in the 

machine during fatigue testing. The wide end of the sample is fixed, and the load is applied at the 

Point “A”.   

 

Figure 2: (a) Orientation of the mini-fatigue sample with respect to the FSP run direction; (b) 
Mini-fatigue sample geometry (dimensions are in mm). 
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The samples were mechanically polished to a mirror finish before testing. The steps 

followed to achieve this were similar to those used for polishing tensile samples. Initial steps 

involved polishing with 400-grit to 1200-grit silicon carbide papers. It was followed by polishing 

with 1 µm polycrystalline diamond suspension. After this, the sample surface was further 

polished with 0.02 µm colloidal silica suspension. This eliminated any surface flaws to ensure the 

smoothest possible surface finish. 

3.5.2 Room Temperature Fatigue Tests 

Room temperature fatigue tests were performed on a custom built, tabletop mini-fatigue 

tester. The setup is shown in Figure 3. The bold yellow arrows indicate the motions of the various 

parts of the fatigue tester. The servo motor is computer controlled and can be programmed to 

rotate at any required rate. In the current work, all the samples were tested at 20 Hz. This 

translated to 1200 RPM as the motor rotation speed. The rod attached to the cam of the motor 

converts the rotational motion into linear, to-and-fro motion. This linear motion is transferred, 

through the load transfer arm, all the way to the fatigue specimen. 

The insets on the right in Figure 3 show the details of the part of the machine that holds 

the test specimen. The bottom inset shows that the sample is fixed rigidly at its broader grip to 

the large rectangular block on the machine. This end of the sample is not free to move. It is now 

like a cantilever, one end being fixed and the other end free to bend in a direction perpendicular 

to the surface area of the gage.  
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Figure 3: Mini-fatigue testing set-up used for room temperature fatigue tests. 

The top inset shows the loading arm directly applying the bending stress at the smaller 

grip. The 25 lb load cell connects to the other end of the loading arm, in line with the point of 

application of load on the sample. When the fatigue test starts, the load cell directly reads the 

load being applied to the sample and inputs the values into the computer through a National 

Instruments USB 6009 data acquisition card. The rate of data acquisition was fixed at ten readings 

per minute. 

3.5.3 Elevated Temperature Fatigue Tests 

The principle of operation of the high-temperature mini-fatigue testing machine is the 

same as the room temperature tester. However, there are small differences in the construction 

of the machine and test setup. Modifications have been made to allow for the high-temperature 

capability. An oil bath furnace achieves the necessary heating during the test. The medium of the 
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bath is phenylmethylsiloxane silicone oil. The manufacturer-specified operating temperature 

range is 25 °C to 230 °C, but the oil starts dissipating smoke when heated above 200 °C. Therefore, 

the fatigue testing was done only up to 200 °C. 

The fatigue machine itself is similar to the room temperature setup, except for small 

changes, shown in Figure 4 and Figure 5. The test setup is not table top anymore and sits on rigid 

aluminum alloy frame (Figure 4(a)). The frame is such that it can slide under oil bath furnace. This 

allows the test specimen to be directly over the oil surface before starting the test. The testing 

machine, including all its various components like the motor, cam rod, load transfer arm, load 

cell, loading arm and sample block, is assembled on a flat steel base plate (Figure 5). This entire 

assembly along with the base plate on which it rests is not rigidly fixed to the aluminum frame 

and can be swung down by 90° so that the fatigue sample is immersed in the oil during the test 

(Figure 4(b), (c) and (d)). The loading direction points directly into the oil bath. 

The load cell is very sensitive to temperature, and it is important to prevent its 

overheating. To do this, the loading arm has been made much longer compared to the one in the 

room temperature tester (compare Figure 3 and Figure 5). This has been done so that when the 

test assembly is rotated, only the fatigue sample dips into the oil. This leaves the rest of the 

components just over the oil surface, but not touching the hot oil. The loading arm is fitted with 

copper cooling fins that dissipate all the heat being conducted by loading arm. A jet of air blows 

into these cooling fins to enhance their efficacy in removing the heat from the loading arm. This 

protects the load cell from overheating and helps in getting accurate load readings.  
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Figure 4: (a) The mini-fatigue testing set-up supported on an aluminum frame; (b) intermediate 
position before testing, and (c) final position during testing, after the entire test assembly is 

swung by 90; (d) the sample and the end of the loading arm are immersed in the oil bath, 
while the rest of the test set-up remains over the oil surface. 

 

Figure 5: Mini-fatigue testing set-up used for high-temperature fatigue tests, assembled on a 
steel base plate. 
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When the sample is fixed, and the test frame is positioned so that the sample is immersed 

in the oil, the actual testing and data acquisition proceed exactly in the same way as for the room 

temperature test. 

3.6. Microscopy 

Optical microscopy, scanning electron microscopy (SEM) and orientation imaging 

microscopy (OIM) by electron back-scattered diffraction (EBSD) were used for microstructural 

characterization and fractography studies. Microstructural characterization included 

determination of the grain sizes, grain orientations, and Si particle distribution. This data was 

used to classify the materials into three microstructural conditions to study and compare their 

mechanical properties.  

Samples for microstructural characterization were prepared in the same way as the 

fatigue samples. They were mechanically polished, starting with a 400-grit silicon carbide paper 

and finishing with 0.02 µm colloidal silica suspension. This resulted in a perfect mirror finish. It is 

important to note that the samples for EBSD scanning were required to be extremely flat. 

Because EBSD extracts information only from the surface of the specimen, the deformation layer 

on the polished surface needed to be less 50 nm thick. Higher dimensions than this distort the 

diffraction patterns obtained and result in wrong indexing of the crystal structure and the 

microstructural phases. Therefore, during sample polishing, it was not only important to remove 

the scratches from the previous paper, but it was also imperative to remove the mechanical 

deformation layer caused by these scratches from the coarser abrasives of the previous paper. 

This demanded considerable care, effort and time in sample preparation. 
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To conduct fractography studies, the failed fatigue samples were preserved in soft wiping 

tissues immediately after fracture, to prevent any further damage to the failed surfaces. The 

samples tested at high temperature were washed with a mild soap solution to remove the oil 

from the surface. The samples were then washed with ethanol and dried immediately, before 

preserving in soft tissue paper. Care was taken not to apply too much force during any of these 

steps. 
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CHAPTER 4 

MICROSTRUCTURAL CHARACTERIZATION 

In section 2.2, we noted that friction stir processing has been used to obtain very fine 

grains to take advantage of the Hall-Petch strengthening [56, 57]. Researchers have reported 

using FSP to obtain ultra-fine and nano-sized grains [39, 58-67], not easily achieved through other 

processing routes like rolling or equal channel angular pressing (ECAP). However, as we shall see 

below, in this work, FSP resulted in unique grain structures that display superior or inferior 

mechanical response, depending on the testing conditions. Temperature especially has a strong 

effect on the performance of the FSP microstructures.  

Figure 6 shows the impact of FSP on the cast microstructure. After FSP, the dendritic 

microstructure of the cast alloy was completely broken down. The Si particles were distributed 

homogeneously throughout the Al matrix. They also underwent a change in shape, with most of 

the particles becoming equiaxed. Both FSP conditions also eliminated casting porosities. We heat 

treated the as cast and the two FSP materials as per the procedure already outlined in Section 

3.3. 

Heat treatment improves strength and other mechanical properties. Three unique 

microstructural conditions were generated from the as-cast and the friction stir processed A356 

plates. These microstructures were analyzed and compared to develop the framework for 

understanding the mechanical response of a material to cyclic loading. They are described below. 
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Figure 6: Microstructures of A356; (a) As-cast, 50x; (b) As-cast, 1000x; (c) Friction stir processed, 
50x; (d) Friction stir processed, 1000x. 

4.1 Cast   

The cast A356 was subjected to the T6 treatment, described earlier. Solutionizing the alloy 

achieves multiple objectives like homogenizing the microstructure, spheroidizing the Si particles, 

reducing micro-segregation of alloying elements, dissolving Mg and Si and forming a 

supersaturated solution. During the subsequent aging, Mg2Si precipitates into the Al matrix 

(dendrites). Mg2Si precipitates form very fine, coherent and shearable particles and are the main 

strength providers in the alloy.  
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Figure 7: (a) Inverse pole figure map of the Cast microstructure; (b) Histogram showing the area 
fraction distribution of grains versus the grain size corresponding to (a). 

Figure 7(a) shows the microstructure of the as-cast material after T6 treatment, 

henceforth called Cast. The grains are very large; calculated average grain size is 71.4 ± 92.5 µm. 

However, as can be seen from the figure, some grains have sizes in the order of a few hundred 

microns. Each grain contains several secondary dendrites and an interdendritic network of 

eutectic Si particles. The secondary dendritic arm spacing (SDAS) in this material was in the range 

of 20-30 µm. 

Figure 7(b) shows the distribution of area fractions of grains plotted against the grain 

sizes. The grain sizes range from a few microns up to hundreds of microns. The larger grains 

occupy a larger area fraction. 

4.2 FSP-AGG 

Solutionizing the FSP1 (higher heat input) material at 535 °C for 2.5 hours (details are 

given in Sections 2.1 and 3.3) resulted in abnormal grain growth (AGG) in the stir zone. The Si 
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particle distribution and sizes remained the same as in the as FSP material. There was only 

migration and elimination of grain boundaries resulting in the enlarged grains. This material with 

AGG was then aged at 160 °C for 5 hours to improve the strength.  

 

Figure 8: (a) Inverse pole figure map of the FSP-AGG microstructure; (b) Histogram showing the 
area fraction distribution of grains versus the grain size corresponding to (a). 

Figure 8(a) shows the microstructure of the FSP-AGG material. The extent of abnormal 

grain growth is clearly seen. The microstructure consists of very fine grains with diameters of a 

few microns (these are original grains formed during FSP, which did not grow during the 
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subsequent heat treatment) as well as massive grains having sizes in the order of a few 

millimeters. The calculated average grain size is 19.1 ± 21.3 µm, but the grain sizes span three 

orders of magnitude from a few microns to a few millimeters. Figure 8(b) shows the plot of area 

fraction versus grain size for the FSP-AGG microstructure. There is a higher density of particles at 

the small size ranges, but they do not occupy a significant area. The large grains account for the 

majority of the area fraction in the stir zone. 

4.3 FSP-fine 

The FSP2 material was also subjected to the same heat treatment as FSP1 material. Figure 

9(a) shows the inverse pole figure map of the resulting microstructure, FSP-fine, at low 

magnification. There was abnormal grain growth as can be seen in Figure 9(a), but not to the 

same extent as in FSP-AGG. The biggest grains were less than 500 µm in diameter. Figure 9(b) 

shows the area fraction versus grain size plot. Unlike the previous two microstructures, where 

the large grains occupied the largest areas, here, the maximum area is occupied by fine grains; 

hence, the name, FSP-fine. The calculated average grain size is 17.6 ± 6.3 µm. Though this appears 

similar to the FSP-AGG microstructure, the difference is in the standard deviation of the mean 

grain size values. The much smaller standard deviation of the FSP-fine grain size reflects that 

majority of the volume of stir zone is dominated by fine grains despite the presence of a few very 

large grains. To better understand the grain size distribution of the fine grains, Figure 9(c) and (d) 

show the microstructure at an intermediate magnification in the finer grain size region. Here 

again, the finer grains occupy almost 90% of the area. Figure 9(e) and (f) show the grain size 

distribution at high magnification, showing the smallest grains.  
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Figure 9: IPF maps of the FSP-fine condition, (a) at low magnification, (c) at intermediate 
magnification, and (e) at high magnification. (b), (d), and (f): area fraction versus grain size plot 

corresponding to (a), (c), and (e), respectively. 
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4.4 Grain Size Distribution 

Figure 10 compares the grain size distribution of all three microstructures. Figure 10(a) 

plots the cumulative number fraction against the grains size. This plot shows the fraction of the 

total number of grains that are less than a given grain size. FSP-fine displays the finest grain 

structure; the curve reaches close to the cumulative fraction value of 1 at around 20 µm grain 

size. This means that in terms of only numbers, almost all the grains are very fine. FSP-AGG shows 

a coarser microstructure, with the majority of the grains being less than 60 µm. Cast 

microstructure, on the other hand, shows an overall very coarse grain structure. The average 

grain size values of all the three microstructural conditions and their standard deviations reflect 

the shapes of the curves.  

 

Figure 10: Grain size distribution of the three microstructures shown as (a) cumulative number 
fraction versus grain size, (b) cumulative area fraction versus grain size. 

Though the cumulative number fraction plot (Figure 10(a)) gives a good idea about the 

number of grains having a certain size, it does not reflect the true nature of the grain structure 

of the three conditions. Figure 10(b), which shows the plot of area fraction versus the grain size 
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for the three microstructures is a better representation. The three curves are distinct and 

separate. The Cast condition exhibits a curve with the steepest slope. Grains in the size range of 

a few hundred microns occupy the maximum area. FSP-AGG shows a less steep curve implying 

significant area being occupied by grains in all size ranges. The grains with dimensions close to a 

millimeter occupy the maximum area, shown by the increase in slope of the curve at grain sizes 

above 500 microns. FSP-fine has almost 50% of the area occupied by grains of sizes less than 20 

µm. Above this magnitude, grains of all sizes up to 500 µm occupy a significant area.  

4.5 Grain Boundary Character 

Grain boundary character plays as important a role as grain size in dictating the 

mechanical response of a material to tensile as well as cyclic loading. Grain boundary character 

is usually represented by the misorientation angles between adjacent grains in a microstructure. 

The grain boundary between two grains that are misoriented by an angle smaller than 15 is 

called a low angle grain boundary (LAGB). When the misorientation angles are greater than 15, 

then the boundaries between such grains are called high angle grain boundaries (HAGBs).  

Figure 11 shows the comparison of the misorientation angle distribution of the grains of 

the Cast, FSP-AGG, and FSP-fine microstructures, on a cumulative frequency versus 

misorientation angle plot. A vertical line drawn at 15 represents the demarcation between 

LAGBs and HAGBs. The Cast alloy has a very high fraction (~90%) of LAGBs. In the two FSP 

conditions, the microstructure consists mostly of HAGBs and the fraction of LAGBs has decreased 

to less than 25%. It is well known that the stir zone of an FSPed microstructure consists of 

completely recrystallized grains, due to dynamic recrystallization [67-69]. There is a small 
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difference in the distribution of the misorientation angles of the two FSP conditions. The fraction 

of LAGBs in FSP-fine is around 23%, and in FSP-AGG it is around 16%. The EBSD micrographs of 

Figure 9(c) and (e) reflect this. Grain boundaries represented by the white lines are LAGBs. This 

could be due to the different amount of heat inputs during the FSP of the two conditions. FSP-

AGG was processed with parameters that lead to a higher heat input compared to FSP-fine. This 

results in a higher volume fraction of completely recrystallized grains in FSP-AGG. The subsequent 

heat treatment leads to further recrystallization, grain growth, and coarsening (and hence, an 

increase in the volume fraction of HAGBs) in both, FSP-AGG and FSP-fine. 

 

Figure 11: Misorientation angle distribution of the three microstructures. 

Unlike the post-FSP microstructures reported in the contemporary literature [59, 70], the 

current study has microstructures with a broad range of grain sizes, with significantly large areas 

occupied by large grains. Fine grains are necessary for strengthening the alloy, whereas coarse 
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grains improve ductility and toughness. The presence of grains of different sizes combines the 

good properties of both fine grains and coarse grains. This is useful especially at high 

temperatures, where coarse grains are resistant to creep and store more dislocations as 

compared to fine grains. The effect of this unique grain structure on mechanical properties is 

elaborated in Chapters 5 and 6. 
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CHAPTER 5 

TENSILE DEFORMATION BEHAVIOR 

Figure 12 shows the engineering stress-engineering strain curves for the Cast, FSP-AGG, 

and FSP-fine microstructures at room temperature, 150 °C, and 200 °C.  

 

Figure 12: Engineering stress-engineering strain curves of the three microstructural conditions 
of A356 alloy at (a) room temperature, (b) 150 °C, and (c) 200 °C. 

Some observations become immediately apparent: 

 At room temperature and 150 °C (Figure 12(a) and (c)), the FSP-AGG condition (red 
curves) matches the strength of the Cast material (black curves) closely. Some samples 
even show slightly higher strengths. 
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 Another striking observation is the scatter in the data of Cast at room temperature 
and 150 °C (Figure 12(a) and (c)), which the two FSP conditions do not exhibit. The 
defects and inhomogeneity associated with a cast microstructure are responsible for 
the scatter. FSP homogenizes the microstructure and completely removes casting 
porosities. 

 At 200 °C (Figure 12(c)), the Cast microstructure shows significantly better 
performance than both the FSP conditions. Both, FSP-AGG and FSP-fine show very 
similar behavior. Not only does the cast microstructure exhibit higher strength than 
both the FSP microstructures, but the scatter in data is also absent. 

 FSP-fine (green curves) shows lowest strength levels at all temperatures. 

The tensile response depends on the temperature sensitivity of the microstructure. 

Mechanical properties of a metal or alloy fall with increasing temperature as shown in Figure 13, 

which plots the yield strength, ultimate tensile strength, uniform elongation and total elongation 

of the three microstructures against the testing temperature. Both, yield and ultimate tensile 

strength fall with increasing temperature all microstructures, even though the actual strength 

values at each temperature for individual microstructures are different.  

At room temperature and 150 °C, FSP-AGG shows superior strength compared to the 

other two microstructures. However, at 200 °C, the strength values are lower. FSP-fine is 

consistently the weakest among the three conditions at all temperatures. 

Uniform elongation also decreases with increasing temperature in all three 

microstructures. Total elongation, which is a sum of uniform and post-necking elongation, does 

not show any clear trend with temperature. Cast condition consistently performs better at all 

temperatures, exhibiting significantly higher uniform ductility. FSP-AGG is intermediate at room 

temperature but has the lowest uniform elongation at 200 °C.  
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Figure 13: Variation with temperature of (a) yield strength, (b) ultimate tensile strength, (c) 
uniform elongation, and (d) total elongation, of the three microstructural conditions. 

To understand the uniaxial deformation behavior better, Figure 14 compares the true 

stress-true strain plots for the three conditions at room temperature (Figure 14 (a)), 150 °C 

(Figure 14(b)), and 200 °C (Figure 14(c)). These curves have been plotted only up to the points 

corresponding to the ultimate tensile strength in the engineering stress-engineering strain curves 

of Figure 12. The deformation is uniform throughout the gage of a tensile sample till it reaches 
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its ultimate tensile strength. Beyond this point, deformation becomes localized, and necking of 

the tensile sample gage occurs.  

From Figure 14(a) and (b), we see that the Cast and FSP-AGG conditions show similar 

behavior at room temperature and 150 °C. The FSP-fine samples have lower properties, but their 

curves still closely follow the curves of the other two conditions. At 200 °C (Figure 14(c)), the Cast 

microstructure is clearly superior to both the FSP microstructures in terms of both uniform 

elongation and strength.  

 

Figure 14: True stress-true strain curves of the three microstructural conditions of A356 alloy at 
a) room temperature, b) 150 °C, and c) 200 °C. 
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The increase in strength from yield to ultimate tensile strength as well as the uniform 

elongation decrease with increase in temperature for all the microstructures. 

After the start of yielding (σy), the flow stress (stress required to cause further 

deformation) increases continuously as a function of the uniform true strain till the metal attains 

its ultimate tensile strength (σu). This is called strain hardening or work hardening. The value of 

this increase in strength (∆σ = σu – σy), as well as the uniform true strain (εu), are important 

measures of the extent of work hardening. It is desirable that the value of these two properties 

be high. Figure 15 shows how the change in flow stress (∆σ) and the uniform ductility (εu) vary 

with testing temperature, for all three microstructures.  

 

Figure 15: Variation with temperature of (a) change in flow stress, and (b) uniform elongation of 
the three microstructural conditions of A356 alloy. 

FSP-fine shows an almost linear decrease in the properties with increasing temperature. 

FSP-AGG and Cast are close to FSP-fine at room temperature, but at 150 °C, they perform much 

better, especially considering uniform elongation, implying that FSP-AGG and Cast are more 

stable at 150 °C, due to their larger grains. However, at 200 °C, there is a sudden drop in their 
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strength and elongation values. FSP-AGG and FSP-fine behave very similarly to each other while 

the Cast microstructure is still superior to the two FSP microstructures. 

The dependence of true stress on true strain for most aluminum alloys follows a power 

law function of the form 

σ = σy + Kεn                  (1) 

where σy, K, and n are yield strength, strength coefficient, and strain hardening exponent, 

respectively. The strain hardening exponent (n) is an important measure of the ability of the 

microstructure to strengthen upon straining. Higher values indicate a stronger response to the 

applied strain and higher achievable strength. Differentiating the above relation with respect to 

true strain (ε) will give  

θ = dσ/dε = nKεn-1                 (2) 

θ is called the work hardening rate and is an important measure of the hardening behavior 

of a material. Taking the logarithm of both sides of equation (2) 

logθ = log(dσ/dε) = log(nK) + (n-1)logε                  (3) 

Equation (3) shows that there is a linear relationship between the logarithm of the work 

hardening rate and the logarithm of true strain. Figure 16 plots the work hardening rate of the 

three microstructures as a function of the true plastic strain on a log-log scale at the three testing 

temperatures. All the curves have near-linear shape with a negative slope. The closest linear fit 

of each curve is also shown. The slope of the curves is (n-1).  

The negative slope means that the work hardening rate starts at very high values at the 

beginning of the test and quickly drops with continued straining. It is desirable that the decrease 

in work hardening rate be slow so that the microstructure can accommodate maximum uniform 
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strain while also attaining very high strength in the process. In other words, a smaller magnitude 

of the slope is better. 

 

Figure 16: The variation of work hardening rate (dσ/de) of the three microstructural conditions 
of A356 alloy as a function of true plastic strain at (a) room temperature, (b) 150 °C, and (c) 200 

°C. 

At room temperature and 150 °C (Figure 16(a) and (b)), the slopes of the curves of Cast 

and FSP-AGG have lower slope compared to FSP-fine. Even though FSP-fine initially has higher 

values of work hardening rate, it quickly drops to very low values at high strains. The poor work 
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hardenability is the reason FSP-fine exhibits low strengths as well as low uniform ductility. At 200 

°C (Figure 16(c)), The FSP-AGG curve almost overlaps with the FSP-fine curve. The curve of the 

Cast microstructure despite having similar slope is shifted above the other two curves showing 

that it has higher work hardening rate throughout the plastic strain range. This explains the 

superior tensile performance of the cast microstructure at 200 °C. 

Figure 17 shows the effect of temperature on the work hardening rates by comparing the 

curves of a given microstructure at different testing temperatures. Clearly we see that 

temperature has a detrimental impact on the work hardening behavior. The curves of all three 

microstructures shift to lower values (shift left) and become steeper with increasing 

temperature. This means that high temperature accelerates the decrease of the work hardening 

rate. The material can accommodate very little uniform strain before the tensile strength beings 

to drop. This explains the drop in flow stress change (∆σ) and uniform elongation (εu) with 

temperature shown in Figure 15. 

In Figure 17(a), Cast microstructure curves shift left steadily with temperature. On the 

other hand, for FSP-AGG (Figure 17(b)), the 150 °C curve is close to the room temperature curve, 

whereas the 200 °C curve is separated by a significantly greater degree. The FSP-fine curves are 

separated to a greater degree than the Cast curves, but the decrease in values is steady with 

increasing temperature. 



 

39 

 

Figure 17: The variation of work hardening rate (dσ/de) of (a) Cast, (b) FSP-AGG, and (c) FSP-
fine, as a function of true plastic strain at the three testing temperatures. 

Figure 18 plots the work hardening exponent (n) of each microstructure against the 

testing temperature. We see clearly that the work hardening exponent of cast material is higher 

than the FSP-fine at all temperatures, but falls steadily with increasing temperature. FSP-AGG is 

more stable up to 150 °C, and then the value of n suddenly drops at 200 °C to below that of the 

Cast microstructure. The FSP-fine constantly has lower values of the work hardening exponent 

than the other two microstructures. These observations complement the curves of Figure 17 in 
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explaining the tensile deformation behavior of the three microstructures, like the sudden drop 

in properties of FSP-AGG at 200 °C, and the consistently poor performance of FSP-fine at all three 

temperatures. 

 

Figure 18: The work hardening exponent (n) of Cast, FSP-AGG, and FSP-fine plotted against the 
testing temperatures. 

During a tensile test, as a metal deforms, dislocations begin to move. This dislocation 

motion is the reason for the plasticity of metals; dislocation motion (slip) is how metals 

accommodate the deformation in the first place. Dislocations, as they traverse the metal crystal, 

encounter obstacles and are stopped by them. These barriers could be precipitate particles, grain 

boundaries, or other dislocations. The impediment to the motion of the dislocations means that 

a higher stress is required to cause further deformation. Further deformation generates more 

dislocations that begin to move, encounter obstacles and get trapped by them. Continuous 

trapping of dislocations results in dislocation pile-ups at these barriers, which repel approaching 

dislocations, and further increase the stress required to continue deformation. This is the origin 

of strain/work hardening in metals. The stress required to cause further deformation, called the 
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flow stress, continues to increase as straining of the material continues. In brief, dislocation 

storage by generation, motion, and trapping of dislocations causes work hardening. 

In addition to being sources of dislocations and obstacles to dislocation motion, grain 

boundaries act as sinks for dislocations. Dislocations annihilate at grain boundaries, resulting in 

the recovery of the microstructure and lowering the flow stress. Dislocation storage (responsible 

for the work hardening) and dislocation annihilation (responsible for the recovery of the 

microstructure) are competing processes and occur simultaneously during deformation.  

The rates of dislocation storage and annihilation depend on the density of the dislocations 

already present in the microstructure. At the beginning of the deformation process, the 

microstructure is strain-free with a very low dislocation density and is conducive for dislocation 

storage. The ability to store dislocations is very high at this point, and therefore, work hardening 

rate is highest just at the beginning of the tensile test (signified by the almost infinite slope of the 

true stress-true strain curve at yield). After deformation is underway, the dislocation density in 

the microstructure slowly increases, and it is harder to generate more dislocations. This is the 

reason for the drop in the work hardening rate with continued straining. As the grains in the 

microstructure become more and more saturated with dislocations, dislocation annihilation 

becomes more favorable. The high density of dislocations inside the grains causes them to 

annihilate at the grain boundaries. This further decreases the already decreasing work hardening 

rate [71, 72]. Elevated temperature further accelerates the rate of this annihilation. Hence, the 

rate of recovery of the microstructure increases with increasing stress as well as increasing 

temperature. 
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The recovery rate is important in determining the work hardening ability of the 

microstructure and is different for each microstructure. To better understand the tensile 

response of the three microstructural conditions, the strain hardening behavior has been 

analyzed. The one parameter model describing strain hardening states that  

Strain hardening rate = dσ/dε = (αGbk1/2) – (k2σ/2) 

where k1 is a material constant, and k2 is twice the slope of the strain hardening rate versus stress 

plot [73]. The first term on the right-hand side describes the rate at which dislocations are 

accumulating/piling up. Thus, this accounts for the increase in strength with strain. The second 

term describes the annihilation of the dislocations and hence accounts for recovery of the 

microstructure. The factor, -k2/2, is the slope of the curve when the strain hardening rate, dσ/dε 

is plotted against flow stress, σ. This slope is a measure of the rate of recovery. It is desirable to 

have a smaller slope because this would result in a slower drop in the work hardening rate with 

increasing strain/flow stress leading to a larger extent of strain hardening and uniform 

elongation. When comparing two materials, the material whose curve is to the right of or above 

the other curve displays better work hardening behavior.  

Figure 19 shows Kocks-Mecking type plots to describe the strain hardening behavior of 

the three microstructural conditions. At room temperature and 150 °C (Figure 19 (a) and (b)), the 

strain hardening rates of Cast and FSP-AGG conditions are similar to each other and much higher 

than the FSP-fine condition, as evidenced by their curves being higher than the FSP-fine curves. 

The slopes of Cast and FSP-AGG are also much smaller than FSP-fine. In other words, the rate of 

recovery, and hence the drop in the strain hardening rate with increasing flow stress, is much 
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slower in these two microstructures. This means that these microstructures can sustain higher 

uniform elongation before the samples begin to neck. 

 

Figure 19: Strain hardening rate of the three microstructural conditions plotted as a function of 
stress at a) room temperature, b) 150 °C, and c) 200 °C. 

The FSP-fine condition has a greater density of grain boundaries. These act as dislocation 

sinks and increase the rate of recovery. Elevated temperatures further enhance this effect, and 

strain hardening rate falls drastically with increasing stress. The steep slopes of the FSP-fine 

microstructure compared to the other two are the evidence of this. 
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The FSP-AGG microstructure, containing very large grains due to abnormal grain growth, 

is expected to show similar performance to the cast material or better at high temperature. Large 

grains are desirable at higher temperatures due to reduced recovery rate by dislocation 

annihilation at grain boundaries.  However, at 200 C (Figure 19(c)), the FSP-AGG material 

performs just as poorly as the FSP-fine. The Cast microstructure surprisingly shows slower 

recovery rates. This is the reason for the tensile stress-strain curve of the Cast material showing 

better strength and elongation values at 200 C.  

In general, with increasing temperature the rate of recovery is high, and hence, the strain 

hardening rate drops rapidly with increasing stress. Work hardening curve at lower temperatures 

is usually higher than or to the right of the curve at higher temperatures. Figure 20 compares the 

Kocks-Mecking type work hardening plots for each microstructure at the three testing 

temperatures. The general trend of steeper curves with increasing temperature is seen. Also, the 

curves shift to the left with increasing temperature. This means that the drop in work hardening 

rate occurs at smaller and smaller strains as we go higher in temperature. This is evident in the 

decrease in uniform elongation and ∆σ with temperature (Figure 15). 

Both the FSP microstructures have a large fraction of very fine grains in their 

microstructures. These grains will dominate at 200 C with their grain boundaries behaving as 

sinks. If the microstructure had uniformly coarse grains, then the alloy will be more resistant to 

recovery and exhibit better work hardening ability at high temperatures. This is why the cast 

samples show a slower rate of recovery at 200 C. 
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Figure 20: Strain hardening rate of (a) Cast, (b) FSP-AGG, and (c) FSP-fine microstructures 
plotted as a function of stress at the three testing temperatures. 

Another reason for the superior performance of Cast at high temperature is the 

interdendritic Si particles. These Si particles being arranged close together, act as barriers to 

dislocation motion. When high temperatures eliminate other obstacles to dislocation like grain 

boundaries, the Si particles remain stable and effectively block dislocations. 
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CHAPTER 6 

CYCLIC DEFORMATION AT ROOM TEMPERATURE 

One of the most convenient ways to characterize and compare fatigue response of 

materials is to plot the stress amplitude of testing against the number of cycles to failure, for 

each sample tested. This generates the S-N curve for the material or microstructural condition 

being tested. The S-N curves generated from the fatigue testing, for the three microstructural 

conditions are shown in Figure 21. 

Cast samples show short fatigue lives with a very wide scatter band spanning an order of 

magnitude. This is due in large part to the presence of various casting defects and the inherent 

inhomogeneous dendritic microstructure. FSP-AGG samples show more than an order of 

magnitude increase in fatigue life compared to cast samples. This is consistent with the literature 

[49, 50, 52, 53] because FSP eliminates porosities and homogenizes the microstructure. There is 

no detrimental effect on fatigue due to the abnormally grown grain structure. FSP-fine, on the 

other hand, shows a large scatter in data similar to the cast condition. Some samples show long 

lives coincident with the FSP-AGG curve while others show low lives similar to Cast. This goes 

against what one would expect for a friction stir processed material based on the current 

literature.  

Total fatigue life of a sample can be divided into number of cycles to initiate a crack and 

number of cycles to propagate the crack -  

Nt = Ni + Np 

where Nt = total fatigue life, Ni = crack initiation life, and Np = crack propagation life. 
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Figure 21: S-N curves generated from room temperature fatigue testing of samples of Cast, FSP-
AGG, and FSP-fine samples. 

When the variation of stress amplitude during a test is plotted as a function of the number 

of cycles, it is possible to identify how many cycles it takes to initiate a crack in the sample. Figure 

22 shows an example of such a plot for each of the three microstructural conditions. It can be 

seen that the stress amplitude remains constant for a certain number of cycles, and then begins 

to fall gradually. The point where this drop in the stress amplitude occurs is when the crack has 

initiated. The remaining cycles are spent in propagating this crack before the sample fails 

completely. In each of the plots in Figure 22, the point where the crack has initiated has been 

identified, and the total number of cycles to failure has been divided into crack initiation and 

crack propagation lives.  
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Figure 22: Stress amplitude variation with the number of cycles for (a) Cast, (b) FSP-AGG, and 
(c) FSP-fine. 

For every sample tested, plots like Figure 22 were generated, and the total fatigue life 

was separated into crack initiation and propagation lives. Now, crack initiation and propagation 

lives can be plotted similar to the S-N curves of Figure 21, against amplitude of testing. Figure 23 

shows this for the three microstructural conditions. A point of note is that not all points for the 

FSP-fine have been plotted because the exact point of crack initiation could not be pinpointed 

for the samples that failed early. This is discussed in more detail later in the chapter. 
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Figure 23: a) Crack initiation lives, and b) crack propagation lives plotted against the stress 
amplitude of testing, for the three microstructural conditions. 

Two important observations can be made. First, both crack initiation, as well as 

propagation, are delayed for the FSP conditions, especially at lower stresses. Second, crack 

initiation life is much greater than crack propagation life for all samples. Again, this is more easily 

seen at lower stresses. We see that the delayed crack initiation in the FSP-AGG and FSP-fine 

conditions is a bigger contributor to their better fatigue performance than the delayed crack 

propagation. However, current literature explains the improved performance of FSP alloys by 

focusing on crack propagation. In the following sections, we will explain the contribution of both 

these factors in more detail. 

6.1 Crack Initiation 

In any microstructure, there is a hierarchy of defects where cracks preferentially nucleate 

during cyclic deformation. In general, porosities are the easiest locations for cracks to initiate. 

Next in the hierarchy, are non-metallic inclusions or intermetallic particles. These two types of 
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crack initiation sites act as regions of stress concentration and favor lowering this stress by 

creating a new surface by cracking. In the absence of defects or microstructural inhomogeneities, 

cracks will initiate from the matrix itself [74]. Crack initiation at sites in the matrix requires a 

higher number of cycles, and it is desirable that samples fail by this mode. 

 

Figure 24: Failed fatigue samples of (a) Cast, (b) FSP-AGG, and (c) FSP-fine showing persistent 
slip bands close to the failed surface. The stress amplitude of testing for each sample is also 

shown on the sample surface. 

In the matrix, crack initiation sites are persistent slip bands (PSBs) [75-78][75, 76]. These 

are slip bands where most of the cyclic strain is concentrated. They form as thin lamellar regions 

in the matrix, oriented along the primary slip planes. During cyclic deformation, all the strain is 

not reversed. Some strain accumulates as irreversible strain within the PSBs. Continuous 

accumulation of irreversible strain results in the persistent slip bands becoming completely 
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saturated with slip steps. These slip steps manifest as extrusions and intrusions on the sample 

surface [75, 76]. With further cyclic deformation, the intrusions deepen. When the intrusion 

depth reaches a critical depth, crack is said to have been initiated. 

Figure 24 shows the surfaces of the failed fatigue samples of the three microstructural 

conditions. Most of the Cast samples did not show any PSBs on the surface, implying they failed 

by a crack forming at a porosity or microstructural inhomogeneity in the sample. Only one sample 

that was tested at 135 MPa showed slight PSB formation at the edge of the failed region. On the 

other hand, all fatigue samples of the two FSP conditions showed a high density of PSB formation 

in the regions adjacent to the fracture surface. Cracks initiated in these microstructures by the 

process of irreversible strain build-up over the course of the fatigue cycling. 

We saw from Figure 23 that the crack initiation life accounts for the majority of the total 

fatigue life of the samples. The samples that showed superior fatigue performance did so because 

of delayed crack initiation. In these samples, crack initiation occurred by the formation of PSBs.   

6.2 Crack Propagation 

Even though the crack initiation life dominates the total fatigue life, a specimen spends a 

significant amount of time in propagating the initiated crack. The high life FSP samples show 

significantly higher crack propagation lives compared to the Cast microstructure. Figure 25 

compares Stage II crack propagation behavior between Cast and FSP microstructures. The 

microstructurally long crack behaves similarly in FSP-AGG and FSP-fine.  
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Figure 25: SEM micrographs of cracks propagating in (a) Cast microstructure, and (b) FSP-AGG 
microstructure. 

Figure 25(a) shows a crack propagating in the Cast microstructure. The crack grows by 

moving from one Si particle to the next. When it reaches a particle, the crack debonds the Si 

particle from the Al matrix rather than cracking the particle. In the Cast microstructure, Si 

particles are restricted to the interdendritic region and are very close to each other. They form a 

continuous network throughout the microstructure, defining a clear path for the crack to follow. 

Once a crack forms and reaches stage II, it quickly grows through the sample leading to rapid 

failure. This is the reason for the short crack propagation life of the Cast samples. 

On the other hand, FSP microstructure has uniformly distributed Si particles. Hence, there 

is no obvious path for the crack to grow along. Crack propagation still occurs by debonding of the 

Si-Al interface. Figure 25(c) shows a crack in the FSP-AGG material. The desegregation of the Si 

particles from the inter-dendritic regions, by FSP, increases the inter-particle distance. The crack 

has to move a greater distance in this microstructure compared to Cast, through a ductile Al 
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matrix before it can encounter another Si particle. In other words, FSP microstructure has a 

superior fracture toughness resulting in slower crack growth. 

A crack at a Si-Al interface in the FSP microstructure can grow in many possible directions 

to get to the next Si particle since there are many particles equidistant from any given particle. 

This results in crack branching (seen in Figure 25(d)). Not all of the branches are favorably 

oriented with respect to the loading axis, and hence, their propagation is arrested. Only the 

favorably oriented branch eventually grows to form the primary failure crack. Thus, not only does 

FSP delay initiation of cracks, but it also increases crack propagation time before final failure. It 

retards crack growth by improving the fracture toughness of the material and increasing the 

probability of crack branching. 

6.3 Interaction of Fatigue Cracks with Grain Boundaries 

In a material without any inherent flaws, crack initiation occurs along the crystallographic 

slip plane that is most favorably oriented for dislocation motion with respect to the loading axis. 

After crack initiation, the crack first grows as a microstructurally short or stage I crack. It 

continues to propagate along the primary slip plane, after initiating along a persistent slip band. 

This crystallographic crack interacts strongly with microstructural features like grain boundaries.  

After progressing to stage II, the crack growth is now dictated by the inherent strength 

and toughness of the material. Therefore, we see that the microstructure plays a significant role 

in the fatigue response of the material, during all stages of deformation and failure. 
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Figure 26: Schematic representation of the fatigue response of a material as a function of its 
grain size and grain misorientation 

In this study, there is no change in the alloy chemistry or precipitation state. Friction stir 

processing only modifies the grain structure and the Si particle distribution. Thus, fatigue 

response is a function of grain size (d) and grain boundary character which is measured by 

misorientation angle (θ). Therefore, 

Fatigue response = f(d).f(θ) 

This is shown schematically in Figure 26. Chapter 4 gives a detailed discussion of the three 

different microstructures compared in this work. An in-depth treatment of the fatigue cracking 

behavior in the two FSP microstructures will give us meaningful insights into the cyclic 

deformation behavior of these alloys, and help explain the observed fatigue response of each 

microstructure. 
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6.3.1 FSP-fine Fatigue Behavior 

The fatigue S-N curve of the FSP-fine condition is interesting. Upon closer observation, it 

is evident that the data forms two distinct S-N curves. This is shown in Figure 27. Here, we see 

that some samples have failed early and lie along the low life curve while the others lie along the 

high life curve. To further investigate and explain this unique behavior, we performed EBSD 

analysis around the failed region of samples from both curves. This was done to investigate the 

specific interaction of the crack with the microstructural features.  

 

Figure 27: The S-N curve of FSP-fine showing two distinct curves. 

In chapter 4, after analyzing the grain size distribution in the FSP-fine microstructure 

closely, we see a bimodal distribution of grains. There are large grains whose sizes are in the 

order of hundreds of microns, and there are fine grains in the range of tens of microns or smaller. 

Upon zooming into the fine grain region, we see that even at this scale there is a bimodal 

distribution of grains, large grains of tens of microns and fine grains of just a few microns. Thus, 
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there is an overall fractal nature to the grain size distribution in this microstructural condition. 

This is an interesting observation that, as we will see, is contributing to the two distinct fatigue 

curves of this condition. 

 

Figure 28: (a) Failed surface of FSP-fine fatigue sample that was tested at 139 MPa and failed 
after 8.3×105 cycles; (b) Inverse pole figure map of the region shown in (a) obtained from EBSD 

scan. 

Figure 28(a) shows the cracked region of a failed fatigue sample tested at 138 MPa. This 

sample falls under the high life category, failing after 8.3×105 cycles. Figure 28(b) shows the 

inverse pole figure map of the region around the failed surface, obtained from EBSD scans. Many 

interesting points immediately become evident- 
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 Crack propagation is entirely transgranular. 

 Crack is very crystallographic throughout its entire length, evidenced by the very 
straight portions along its length. 

 Crack path changes direction every time it encounters a grains boundary. 

The third observation is the most important. Change in the crack path after interaction 

with an obstacle is one of the most effective ways to retard crack growth. There are three stages 

of crack propagation. Stage I is the initiation of a crack along persistent slip bands and 

propagation along one of the slip planes. After it reaches a certain length, the crack cannot be 

restricted to only slip planes. Mechanistic considerations like stress state and stress range take 

precedence over microscopic plasticity considerations. This is the Stage II of crack propagation, 

and the crack grows in a direction normal to the loading axis, rather than along any particular slip 

plane. Stage III is tensile overload fracture when the crack has progressed to such an extent that 

the unfractured region is no longer able to support the applied load. 

In Figure 28, the crack, throughout its length shows crystallographic characteristics. This 

implies that progression to Stage II has been delayed, and the crack progress is mostly 

microstructure controlled and restricted to slip planes. Through the analysis of the EBSD scans, it 

is possible to determine the slip planes containing the crack in each grain. To do this, we follow 

the model proposed by Zhai et al. [79]. Persistent slip bands are assumed to form along one of 

the primary slip lanes (111), (1̅11), (11̅1), or (111̅). Crack propagation is assumed to continue 

along this slip plane until it encounters a grain boundary. At the grain boundary, the crack has to 

change slip planes to one of the closest aligned planes in the new grain. This imposes a barrier to 
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crack growth. Figure 29 shows a schematic of crack interacting with a grain boundary (modified 

from the schematic given by [79]).  

 

Figure 29: Schematic showing the growth of a crack across a grain boundary. α and β are the 
twist and tilt angles, respectively, between grain 1 and grain 2. (Modified from [79]) 

Crack in grain 1 grows from the left and encounters the grain boundary plane. To continue 

its growth, by finding and propagating onto the closest aligned slip plane in grain 2, it has to twist 

by an angle α and tilt by an angle β.  

To have a formal treatment of the orientations of the slip systems and cracks in the grains, 

we first have to define the sample geometry and coordinate system. In our case, the loading axis, 

[L], is horizontal in Figure 28 and has direction [010]. The long transverse direction, [T] = [001], 

and the short transverse direction, [S] = [100], make up the other two axes of the sample 

reference system. IPF maps give us the orientation of each grain in this coordinate system, from 

the EBSD scans. By directly retrieving the 3×3 orientation matrix (B) for any grain and knowing 
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the direction of the loading axis (L), it is possible to predict the orientation of each of the {111} 

slip planes with respect to the loading axis. Let the orientation matrix of a grain be 

B = [

a11 a12 a13

a21 a22 a23

a31 a32 a33

] 

As mentioned before, for the current Al alloy, the primary slip planes are the {111} family 

of planes. This designation is in the crystal coordinate system, meaning the reference frame is 

defined by the <100> directions of the cubic unit cell of Al. We have to designate the slip plane 

in the sample coordinate system defined by [L], [S], and [T]. For any plane, let n = (h k l) be the 

slip plane in the crystal coordinate system. Then its identity in the sample coordinate system is 

given by 

N =
nB

|nB|
 

N=
(ha11+ka21+la31, ha12+ka22+la32, ha13+ka23+la33)

√(ha11+ka21+la31)2+(ha12+ka22+la32)2+(ha13+ka23+la33)2
 

Having determined the slip planes in the sample coordinate system, we can also calculate 

the angle between the trace of the slip plane on the sample surface and the loading axis. This is 

given by  

θ = cos−1([N] × [T] ∙ [L]) 

Table 3 reports these values for each of the grains in Figure 28(b). Table 3 also reports the 

observed angle between the crack in each grain and the loading axis. For each grain, the observed 

value matches with one of the four predicted values and thereby, it is possible to pinpoint the 

slip plane which holds the crack plane.  
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Table 3: Predicted and calculated values of θ for each numbered grain in Figure 28.  

Grains Slip plane Predicted θ (°) Observed θ (°) 

Grain 1 

1 1 1 98.8  
1̅ 1 1 75.3  
1 1̅ 1 165  
1 1 1̅ 56 59 

Grain 2 

1 1 1 101.7  

1̅ 1 1 82.8  

1 1̅ 1 161.1  

1 1 1̅ 51.9 55 

Grain 3 

1 1 1 103.1  

1̅ 1 1 169  

1 1̅ 1 59.6 62 

1 1 1̅ 75.6  

Grain 4 

1 1 1 103.3  

1̅ 1 1 169.7  

1 1̅ 1 60.2 60 

1 1 1̅ 75.1  

Grain 5 

1 1 1 98.3  
1̅ 1 1 160.1  
1 1̅ 1 50.6 51 
1 1 1̅ 80.7  

Grain 6 

1 1 1 104.2  
1̅ 1 1 168.5  
1 1̅ 1 59.1 59 
1 1 1̅ 77.2  

Grain 7 

1 1 1 61.8  
1̅ 1 1 87 84 
1 1̅ 1 22.5  
1 1 1̅ 120.2  

Grain 8 

1 1 1 103.6  

1̅ 1 1 69.3  

1 1̅ 1 173.8  

1 1 1̅ 66 62 

Grain 9 

1 1 1 80.1 80 

1̅ 1 1 9.7  

1 1̅ 1 115  

1 1 1̅ 113  

Grain 10 

1 1 1 95.3  

1̅ 1 1 165.6  

1 1̅ 1 66.3  

1 1 1̅ 61.7 60 
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Table 3 validates the model for the current system and provides direct evidence for the 

fact that crack propagation in this condition is highly crystallographic in nature. Figure 30 plots 

the misorientation angle between adjacent grains and the angle between the crack slip planes of 

these two grains. We see that the crack deviation does not show any particular trend with 

misorientation angles. However, a striking observation is that when the misorientation angle is 

above a certain critical value, the crack deviation angle jumps to very high values. This critical 

misorientation angle lies between 30° and 45°. 

 

Figure 30: Plot of the crack deviation angle when in crosses grain boundaries and the 
misorientation angles between the grains of Figure 28. 

All the detailed analysis performed above reinforce the fact that crack propagation in the 

high-life FSP-fine condition is transgranular and highly crystallographic in nature. This means that 

the crack grows by planar slip along the primary slip planes. A more important fact that stands 

out is that grain boundaries are very effective barriers to short fatigue cracks. When a 
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crystallographic crack encounters a grain boundary, it has to change its slip plane from the 

original grain to the closest oriented slip plane of the new grain to continue propagating. To 

achieve this, it has to change its path by an angle that depends on the angle by which the two 

grains are misoriented. The larger the angle by which a crack has to deviate from its original path, 

the greater is the retardation of the crack. Larger deviation angles impose a greater barrier to 

crack propagation.  

By this same rationale, we can explain the low-life behavior of the FSP-fine 

microstructure. Figure 31 shows a failed fatigue sample in this condition. This sample was tested 

at 117 MPa and failed after 5.7×105 cycles. The fracture region in Figure 31(a) exhibits severe 

damage by persistent slip band formation. The fracture edge is aligned parallel to these PSBs 

showing that final failure occurred along these bands. The fracture is confined to a single grain 

that has abnormally grown to encompass the entire width of the fatigue specimen. The IPF map 

in Figure 31(b) confirms this. Another important point is that because of being contained within 

a single grain, the crack does not encounter any grain boundaries. There is no obstacle to its 

growth, and the sample fails rapidly.  

In which grain a crack initiates is entirely probabilistic in nature. It depends on the 

distribution of the microstructural features and the regions of stress concentration. The samples 

in which cracks initiate in small or intermediate-sized grains will show extended fatigue lives due 

to slower crack propagation. The samples in which cracks initiate in very large grains will show 

lower fatigue lives. 
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Figure 31: (a) Failed surface of FSP-fine fatigue sample that was tested at 117 MPa and failed 
after 5.7×105 cycles; (b) EBSD map of the region shown in (a). 

 

Figure 32: Stress amplitude variation with the number of cycles for FSP-fine high life - (a), (b), 
(c), and FSP-fine low life - (d), (e), (f). The stress amplitudes of testing are shown on each plot. 
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Figure 32 provides further evidence of this fact by showing the stress amplitude versus 

the number of cycles to failure for a few samples. Figure 32(a), (b), and (c) represent samples 

that failed in the high-life regime. Figure 32(d), (e), and (f) show samples that failed in the low-

life regime.  

The high life samples show a smooth, gradual decrease in stress amplitude after initiation 

of crack and up to eventual failure. This means that there are a significant number of cycles spent 

in propagating the crack after initiation in these samples. On the other hand, the low life samples 

fail almost immediately after initiation of a crack. They possess virtually no propagation life. This 

proves our previous discussion about the role of grain boundaries in retarding crack growth and 

increasing the crack propagation life. 

6.3.2 FSP-AGG Fatigue Behavior 

Similar to FSP-fine, FSP-AGG also has a multimodal grain structure, but the difference is 

in the average size and distribution of the grains. The extent of abnormal grain growth is much 

greater in this microstructure. The larger grains span several millimeters in size and occupy a 

large area fraction inside the stir zone. 

Figure 33(a) and (b) show the fractured surface and the corresponding IPF map, 

respectively, for an FSP-AGG fatigue sample tested at 171 MPa that failed after 2.2×105 cycles. 

The arrows in Figure 33(a) point to locations where the crack changes directions. By comparing 

to Figure 33(b) it is clear that this happens when the crack encounters a grain boundary. This 

gives strong evidence that crack propagates along crystallographic planes, and grain boundaries 

effectively impede crack growth.  
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Figure 33: (a) Failed surface of FSP-AGG fatigue sample that was tested at 171 MPa and failed 
after 2.2×105 cycles. The numbered arrows point to locations where the crack path deviates 

from the original direction; (b) Inverse pole figure map of the region shown in (a) obtained from 
EBSD scan. 

The variation in grain sizes in this microstructure is also much less compared to the range 

of grain sizes in FSP-fine. Most of the grains have grown abnormally and crack initiates within 

them. During propagation, cracks encounter grain boundaries which are mostly high angle grain 

boundaries (HAGBs). All of the above reasons result in the excellent fatigue performance of this 

microstructure.   

From the detailed discussions in the above two sections, it is clear that both, crack 

initiation and propagation, are extremely sensitive to the microstructure. Both of the FSP 

microstructure in the current work did not have a uniform grain size distribution. They had a 
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broad range of grain sizes within their microstructures. This tells us that grain boundary 

character, which is represented by the grain misorientation angles, is a more important 

consideration than the grain size, at least in this work, for considerations of fatigue cracking. This 

is a good time to revisit the schematic of Figure 26, and modify it to reflect our findings (Figure 

34). 

 

Figure 34: Schematic representation of the fatigue response of a material as a function of its 
grain size and grain misorientation, modified from Figure 26 to reflect the higher importance of 

grain boundary character over grain size in determining fatigue performance of a material. 

Figure 34 highlights the importance of grain misorientation for the two microstructures 

considered in this work. However, when considering materials with uniformly fine or coarse grain 

size distributions, it may turn out that grain size may be of higher importance, or, at least, equal 

importance, compared to the grain misorientation. Hence, controlling the microstructure, 
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especially the grain structure, will give a considerable degree of control over the fatigue response 

of this alloy. Friction stir processing is proving to be an important and useful tool for 

microstructural modification of cast alloys. FSP gives us the advantage of being able to control 

final properties by simple tweaking of processing parameters. This opens up the potential of 

using FSP as a very easy and effective tool for grain boundary engineering.  
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CHAPTER 7 

CYCLIC DEFORMATION AT ELEVATED TEMPERATURES 

The room temperature S-N curves have already been reported in the previous chapter. In 

the Cast material, defects and Si particle distribution acted as stress risers and cracks initiated 

from these features. In both the FSP materials, the uniform Si particle distribution and absence 

of defects lowered the stress concentration. Cracks initiated along PSBs, and as they propagated, 

grain boundaries acted as barriers to their continued growth. This resulted in their high lives. The 

low-life FSP-fine samples showed that grain boundaries did not act as effective crack barriers, 

and this was the reason for their early failure. Thus, microstructure played a critical role in 

determining the fatigue lives of the samples. 

Below, the discussion of the fatigue response at high temperatures follows. Figure 35 

shows the S-N curves generated from all the fatigue tests for the three microstructural conditions 

– Cast, FSP-AGG, and FSP-fine. The comparison is shown at three temperatures – room 

temperature (RT) in Figure 35(a), 150 °C in Figure 35(b), and 200 °C in Figure 35(c).  

At 150 °C, the two FSP conditions show better lives to failure compared to the cast 

condition, but the difference is not as glaring as it was at room temperature. The improvement 

in fatigue lives of the samples is around five times. The scatter in the data for the Cast material is 

less than what it was at room temperature but still exists. The curves of the FSP conditions closely 

follow each other. All the samples failed earlier than at room temperature.  
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Figure 35: S-N curves generated from fatigue testing of samples of Cast, FSP-AGG, and FSP-fine 
samples (a) room temperature, (b) 150 °C, and (c) 200 °C. 

The 200 °C S-N plots are interesting. All three microstructural conditions show almost the 

same fatigue response, as seen by the overlapping data points in Figure 35(c). The beneficial 

effects of FSP have been nullified at this temperature. The scatter in data is also absent for all the 

microstructures.  
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Figure 36: S-N curves comparing the fatigue performance of (a) Cast, (b) FSP-AGG, and (c) FSP-
fine, at the three testing temperatures. 

Figure 36 highlights the deleterious effect of temperature on the fatigue lives, by 

comparing the S-N curves of each microstructural condition at the three testing temperatures. 

The data for the Cast material (Figure 36(a)) are all overlapping, not showing any clear trend with 

temperature. The reason for this is the scatter in the data at room temperature and 150 °C. The 

curves of the two FSP conditions shift to the left with increasing temperature, clearly showing 

the effect of temperature in decreasing the fatigue lives. It is important to note that for the FSP-

fine curves (Figure 36(c)), only the high-life points at room temperature are shown.  
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Figure 37: (a) Crack initiation lives at 150 °C, (b) crack propagation lives, (c) crack initiation lives 
at 200 °C, and (d) crack propagation lives at 200 °C plotted against the stress amplitude of 

testing, for the three microstructural conditions. 

The total fatigue lives of the samples can be divided into crack initiation and crack 

propagation lives, as was done at room temperature. Figure 37 shows the crack initiation versus 

stress amplitude, and crack propagation versus stress amplitude plots for all samples at 150 °C 

and 200 °C. Just like at room temperature, the crack initiation life is much higher than the crack 

propagation life for all the samples. This means that crack initiation is the deciding factor in the 
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total fatigue life. At 150 °C, the two FSP conditions show higher lives in both, crack initiation and 

crack propagation. At 200 °C, there is no clear winner; all the samples lie along the same curve. 

7.1 Crack Initiation 

Figure 38 shows the surfaces of failed samples of the Cast, FSP-AGG, and FSP-fine 

microstructures at the three testing temperatures. The most important observation is the 

increasing amount of damage to the sample surface with increasing temperature. It was noted 

in Chapter 6 that cracks initiate along PSBs in the absence of other stress raisers in the 

microstructure. Cast samples mostly failed due to the presence of defects, whereas the FSP 

conditions failed due to PSB formation. The PSBs formed close to the cracked surface.  

 

Figure 38: Failed fatigue samples showing persistent slip bands on the surface. The top row 
shows the Cast samples, the middle row shows FSP-AGG samples, and the bottom row shows 

FSP-fine. The columns show testing temperatures. The stress amplitude of testing for each 
sample is also shown on the sample surface. 
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The critical resolved shear stress necessary to cause dislocation motion decreases with 

increasing temperature. With increasing temperature, multiple slip systems get activated, and 

dislocation motion is no longer restricted to only the primary slip systems. This means that grains 

that were not favorably oriented for slip at room temperature can now accommodate plastic 

deformation. During fatigue, this causes PSB formation in multiple grains. This is seen as the 

severe surface damage in Figure 38.  

The extent of PSB formation drastically increases at 200 °C. At room temperature and 150 

°C, the PSBs were observed only near the failed region of the samples. However, at 200 °C, PSBs 

form throughout the sample surface irrespective of the orientations of the individual grains. 

Which one of these grains finally fractures is probabilistic in nature. This sudden increase in the 

density of PSBs is the reason for the low fatigue lives of all three microstructures.  

Figure 39 plots the area fraction of the sample surface covered by PSBs versus the applied 

stress amplitude normalized with respect to yield strength. The plots compare the PSB formation 

at the three testing temperatures.  

It is clear that at 200 °C, there is a sudden jump in the PSB area fraction. This provides 

evidence of the general weakening of all microstructures at 200 °C, which is why all 

microstructures exhibit similar fatigue response at this temperature. The probability of cracks 

forming at PSBs is now higher than cracks forming at porosities or any other microstructural 

inhomogeneities.  
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Figure 39: Plots of the area fraction of the sample surface covered by PSBs versus the stress 
amplitude of testing normalized with yield strength for (a) Cast, (b) FSP-AGG, and (c) FSP-fine. 

 

Figure 40: (a) PSBs in adjacent grains in the FSP-AGG microstructure impinging at the grain 
boundary; (b) High magnification view of the region of impingement shows initiation of a crack. 
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Figure 40 shows PSBs on the surface of an FSP-AGG sample tested at 200 °C. Because PSBs 

form in multiple grains, the probability of PSBs from adjacent grains impinging at the grain 

boundaries is very high. This was indeed observed in all three microstructures, an example of 

which is shown in Figure 40. PSBs are slip planes in the sample which accommodate all the strain. 

This plastic strain results in planes of atoms within the PSBs to shift relative to one another and 

form microscopic steps. These manifest as extrusions and intrusions when PSBs emerge on the 

free surface of a specimen. However, when PSBs impinge on grain boundaries inside the bulk of 

the material, the grain boundaries pose an obstacle to the emergence of the slip steps. Continued 

cycling increases the extent of the PSB-grain boundary impingement and generates 

incompatibility stresses at these points because of the pile-up of dislocations. Eventually, it 

becomes energetically favorable for the grain boundary to open up and relieve these stresses. 

This nucleates a crack in the microstructure.  

Figure 40(b) shows one such crack nucleating at the point of impingement of PSBs on the 

grain boundary. The severe pile-up of plastic strain is also seen in the folds of material around 

the grain boundary. The stresses due to this pile-up result in the formation of the microcracks. 

Cracks in all three microstructures initiated along the grain boundaries, at the point of 

impingement of PSBs. At high temperature, the hierarchy of defects has no significance on where 

fatigue cracks can nucleate.  

7.2 Crack Propagation 

At room temperature, crack propagation was purely transgranular in all the 

microstructures, and grain boundaries acted as strong barriers to Stage I cracks. However, from 
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the previous section, it is known that crack initiates at grain boundaries where the PSBs impinge. 

When this impingement occurs at multiple locations along a grain boundary, micro-cracks are 

nucleated at each of these sites. With continued deformation these micro-cracks grow and 

eventually join to form a long crack. Then, this long crack continues to grow along the grain 

boundary. Thus, crack propagation in this material transitions from transgranular at room 

temperature to intergranular at high temperature. 

This behavior is analogous to intergranular fracture during creep deformation of metals. 

At high temperatures, grain boundaries act as easy channels for diffusion of vacancies and atoms. 

Micro-voids form at grain boundaries during creep when the vacancies diffuse towards grain 

boundaries and agglomerate. These voids combine upon further application of load to form 

micro-cracks which then grow along the grain boundary. The main difference between creep 

fracture and the cracking mechanism seen here is that diffusional processes cause creep fracture, 

whereas planar slip processes cause the high-temperature fatigue cracking. 

Even when cracks do not nucleate at grain boundaries at high temperature, but nucleate 

along a PSB, the propagation continues along the grain boundary. Figure 41 provides an example 

of this. This is also an FSP-AGG sample. Here, crack initiates along the PSB. Upon impinging a grain 

boundary, the crack changes direction and continues to grow by opening up the grain boundary. 

This shows how sensitive the integrity and strength of a grain boundary is to temperature. 
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Figure 41: (a) Crack initiated along a PSB within a grain in the FSP-AGG microstructure before 
impinging and continuing along a grain boundary; (b) EBSD map of (a). 

The above discussion of high-temperature fatigue behavior of this alloy leads us to some 

important insights on the effect of temperature on cyclic deformation: 

 Temperature has the effect of destroying the hierarchy of defects where fatigue 
cracks can nucleate.  

 Temperature also has the effect of removing the scatter in the observed data since 
defects no longer play a role in crack initiation. 

 Cracking mechanism changes from transgranular at room temperature to 
intergranular at high temperature. 

 Since all microstructures show same behavior at 200 °C, it is apparent that 
microstructural distribution does not play a significant role in high-temperature fatigue. At 
high temperatures, fatigue response of an alloy is more material dependent, rather than 
microstructure dependent. This means that at high temperatures, properties like alloy 

chemistry and inherent matrix strength impact the fatigue behavior more than the 
microstructural features like second phase distribution, grain size, or grain boundary 
character. 
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CHAPTER 8 

CONCLUSIONS 

Cast A356 Al alloy is currently being used extensively in various automotive applications 

like engines components, wheels, and chassis. Cast alloys have inherent defects due to 

solidification like porosities, non-metallic inclusions, residual thermal stresses, and a dendritic 

microstructure. Most of the current efforts in improving the mechanical response of this alloy 

involve heat treatment and varying the casting process itself, to improve the Si particle size and 

morphology, the secondary dendritic arm spacing, and precipitate size and morphology. 

However, these processes do not have any effect on the porosities or Si particle distribution. 

The current alloy possesses the best possible microstructure for the A356 alloy, with very 

fine Sr-modified Si particles, very fine secondary dendritic arm spacing (20-30 µm) and minimum 

possible porosities. This is evident in the tensile properties of this alloy. It shows the highest 

strength among the three microstructures, but with scatter in data at lower temperatures.  

FSP has been used previously to improve the microstructure of this alloy. In this work, the 

two FSP conditions improve the cast microstructure by eliminating porosities, breaking down the 

dendrites and uniformly distributing the Si particles. Heat treatment of the two FSP alloys leads 

to grain growth in both the microstructures, resulting in a broad range of grain size distribution 

spanning three orders of magnitude – a few microns to a few millimeters.  

The tensile response of the two FSP conditions varies considerably. FSP-fine shows the 

poorest properties, even compared to the Cast microstructure, at all temperatures. FSP-AGG 

performs well at room temperature and 150 C, showing equal or better properties compared to 

the Cast. At 200 C, the Cast condition exhibits significantly superior tensile properties, with 
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higher work hardening and a slower rate of recovery. This could be because the interdendritic Si 

particles are still obstacles to dislocations in the absence of grain boundaries as effective barriers. 

Overall, the tensile behavior is similar for all microstructures, with their strength and ductility 

matching closely. 

Fatigue at room temperature is more discriminating of microstructure compared to 

tensile behavior. Fatigue, similar to creep, involves the component of time in the deformation. 

Therefore, subtle variations in microstructure lead to considerable variations over time in the 

response of the material to cyclic loading. Small defects, which do not affect the tensile 

deformation, play a very significant role in fatigue deformation, acting as stress concentration 

points and initiating cracks. The current alloys also show widely varying responses to fatigue. Cast 

samples show very poor lives and also large scatter in the number of cycles to failure. FSP-AGG 

shows the best response, with vast improvements in life (up to 10 times) and almost no scatter 

in the data. FSP-fine shows a unique response. The data for this condition fall into two distinct 

curves.  

Crack initiation and crack propagation lives were much higher for the FSP samples 

compared to the Cast samples. Crack initiation in the Cast samples occurred mostly at defect 

sites, resulting in poor lives and large scatter. In both the FSP conditions, because of the absence 

of defects and inhomogeneities, cracks initiated along PSBs and then grew from there up to 

ultimate failure. 

Further analysis of failed specimen showed the difference in crack growth in the FSP 

conditions. Crack growth is very crystallographic just after the initiation stage. In the high-life FSP-

fine and the FSP-AGG conditions, grain boundaries were effective barriers to crack growth. A 



 

80 

crack that encountered a grain boundary had to change its slip plane or branch off into multiple 

cracks to continue growing into the next grain. This delayed crack growth significantly. On the 

other hand, for the low-life FSP-fine condition, grain boundaries did not pose any obstacle to the 

crack growth.  

Temperature had a very remarkable effect on the fatigue response of the material.  The 

findings of the elevated temperature fatigue study in this research project were major 

contributions to the understanding of fatigue mechanisms at high temperature. The highlights of 

these are: 

 At high temperature, the hierarchy of defects had no significance on where fatigue 
cracks can nucleate. The cracks in all three microstructures initiated along the grain 
boundaries, at the point of impingement of PSBs. Cracks initiated at these locations 
due to the incompatibility stresses generated by the plastic deformation of the PSBs 
impinging with the grain boundaries. It was energetically favorable for the grain 
boundary to open up and relieve these stresses.  

 Crack growth continued along the grains boundaries. Fatigue cracking changed from 
transgranular at room temperature to intergranular at high temperature.  

 Temperature also has the effect of removing the scatter in the observed data since 
defects no longer play a role in crack initiation.  

 An extension of the above three points - since the crystallographic slip systems do not 
change with the microstructure, and all three microstructures contain grain 
boundaries, there is no difference in the cracking mechanisms of the three 
microstructural conditions. Fatigue deformation at high temperature is no longer 
microstructure-dependent but is largely material-dependent. 
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