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ABSTRACT

Nanocrystalline (NC) materials experience inherent microstructural instability when
exposed to elevated temperature, deformation rates or loads over long periods of time
which limits its applications as well as processing. The instability arises due to the
predominance of grain boundary (GB) diffusional processes which hastens coarsening.
This dissertation aims to provide a solution for the very first time, through the
development and characterization of a bulk NC alloy system. The NC-Cu-Ta discussed
here offers exceptional thermal stability in addition to superior strength and creep
resistance. The systematic study of the behavior of this material will pave the way for
future development of NC materials with a multitude of optimized properties for extreme

applications.

In-situ and ex-situ TEM characterization, multiple strain-rate compression testing and
atomistic modeling were employed to investigate the behavior of NC-Cu-Ta under
intense heating, stress/strain-rate and creep conditions. Results reveal, that temperature
influences the misfit strain, leading to a significant change in flow stress, despite which
(strength) remains greater than all known NC metals. Further, this alloy was found to
achieve and retain strengths which were over two orders of magnitude higher than most
NC metals under elevated temperature conditions. Dislocation-based slip was found to
predominate at elevated temperatures for both high- and low-strain rate testing whereas
twinning was favored during low temperature high-strain rate testing. The solute
concentration was also found to play a role in dictating the deformation where

heterogeneous twinnability was found to decrease with an increase in Ta concentration.



A paradigm-shift in the creep response of NC-materials with unprecedented property
combinations is also reported, i.e., high strength with extremely high temperature creep
resistance (6-8 orders higher than other NC materials), in this NC-Cu-Ta-alloy. The
unique combination of properties in these NC-alloys is achieved through a processing
route that creates distinct GB-pinning nanoclusters of the solute that favor kinetic

stability of grains.

Overall, this dissertation provides an understanding of the mechanical response of a
stable alloy system to extreme conditions, which was previously unattainable, and a
perspective on the design of a new class of NC alloys exhibiting a multitude of optimized

high temperature properties.



DEDICATION

| dedicate this dissertation to my family — parents Padma and Rajagopalan who have
been a constant source of inspiration and have always been there for me, my sister
Prasanna who pushes me to be a better person and my in-laws who feel a sense of joy in
my work. Last but not least, to my husband Rahul for his unwavering support and

encouragement.



ACKNOWLEDGMENTS

This dissertation would have not been possible without the support of many people.
First and foremost, | would like to thank my advisor Prof. K.N. Solanki, for his
invaluable support, motivation and guidance throughout my Ph.D. journey. He gave me
the opportunity to tackle various challenging projects, and has indeed helped to push me
beyond what I thought my limits were.

| would also like to thank my other committee members: Dr. Kris A. Darling, Prof.
Terry Alford and Prof. Yang Jiao for their insightful comments and helpful remarks
related to the research.

| thank the other members of Multiphysics Lab - Dr. Mehul Bhatia, Dr. llaksh
Adlakha, Benyamin Gholami, Scott Turnage, Pulkit Garg, Chaitanya Kale, and
Soundarya Srinivasan for the stimulating discussions, sleepless nights while we were
working before deadlines and the fun we had as a group in the last five years. | would
also like to express my thankfulness to Dr. Billy Hornbuckle at ARL for the help
extended.

Further, there are no words to describe the constant support from my friends here who
made Tempe a home away from home. Their love and encouragement has helped me in
SO many ways.

I would like to acknowledge the support of Army Research Laboratory through grant
W911NF-15-2-0038 for the research. The use of facilities of ASU Leroy Eyring Center

for Solid State Science is also gratefully acknowledged.



TABLE OF CONTENTS

Page

LIST OF FIGURES ... vii
CHAPTER

1 MOTIVATION ...ttt e b snee s 1

2 BACKGROUND AND RESEARCH OBJECTIVE ..o 3

A = - Uod (o {0 o PR SUPRRRR 3

2.2 RESEAICH ODJECTIVES ....c.viviiiiiiiiieiieie et 14

3 MICROSTRUCTURAL EVOLUTION IN A NANOCRYSTALLINE CU-TA

ALLOY: A COMBINED IN-SITU TEM AND ATOMISTIC STUDY ............... 19
S INEOTUCTION ...t 19
3.2 MEthOAOIOQY ....oecviiiiiiiee e 23

3.2.1 Experimental DetailS...........coooiiiiiiiii e 23
3.2.2 Computational DetailS ...........cooeiiiiiiiii e 25
3.3 ReSUIES aNd DISCUSSION.......ouiviiiiiieiieieiesie ettt 26
3.4 CONCIUSTONS ...ttt 40



CHAPTER Page
4 DESIGN AND SYNTHESIS OF ARCHETYPE ADVANCED MATERIALS

WITH ANOMALOUS MECHANICAL BEHAVIOR UNDER EXTREME

ENVIRONMENTS ...t 42
4.1 INTFOAUCTION ...ttt 42
v |V, =T g ToTo (o] oo VAU 44
4.3 RESUILS aNd DISCUSSION ......c.veuiiiiiieiesiesieeeie sttt 46
4.4 CONCIUSTONS ...ttt b et bt n e 54

NANOCRYSTALLINE ALLOY ..ot 56
5.1 INEFOTUCTION ...ttt 56
5.2 MEtNOAOIOQY ..ot 57

5.2.1 Powder Processing and Consolidation via ECAE ..........ccccoccvviveiviinnen. 57
5.2.2 Mechanical Characterization at Creep Conditions ..............ccceevevveeiennen. 59
5.3 ReSUILS aNd DISCUSSION ......c.veuiiiiiiieiesiesieieie et 60
5.6 CONCIUSTIONS ...ttt 67

Vi



CHAPTER Page

6 ROLE OF TAON TWINNABILITY IN NANOCRYSTALLINE CU-TA

AALL O Y St b et ae e ns 69
6.1 INEFOTAUCTION ... bbbt 69
6.2 MELNOAOIOGY ... 71
6.3 ReSUILS aNd DISCUSSION ........oviiiiiiiiieiisiesi et 73
8.4 CONCIUSIONS ...ttt 81

7  SUMMARY AND FUTURE WORK ......oooiiiieeeeee e 82
REFERENGCES ... ..o 87

vii



LIST OF FIGURES
Figure Page
1: Hlustration of Hall- Petch Behavior and Breakdown Adapted from (Kumar, Van
Swygenhoven, and Suresh 20030) ........c.ooiiiiiiiie e 6
2: TEM Characterization of As-received NC Cu-10at.% Ta (a) Bright Field TEM Image
Showing the Microstructure Consisting of a Distinct Cu(Fcc) and Ta(Bcc) Phase
(Inset: SAED Pattern), Size Distributions of (b) Cu and (c) Larger Ta Grains Based
on TEM Images (Average 200 Grains), (d) Size Distribution of Ta Nanoclusters with
an Average Size of 3.18 nm Distributed Along the Grains and Grain Boundaries, and
Inverse Fourier Filtered Images (IFFT) of (e-f) an Coherent (d = 3.47 nm) and (g-h)
Semicoherent Nanocluster (d= 4.11 nm). The Interface Between the Ta Nanocluster
and the Cu Matrix are Highlighted using Dashed Green Lines in (e-h). Inset: Indexed
SAED Patterns Confirming Nanocrystallinity. ... 28
3: (a) X-Ray Diffraction Pattern of the As-Received NC-Cu-10at.%Ta Bulk Sample
Processed at 700 °C Highlighting the Cu (Fcc) and Ta (Bcc) Reflections, and (b)
Orientation Imaging Map of the As-Received NC-Cu-10at.%Ta Obtained Through
Precession Diffraction Technique Representing a Random Texture, (c) Phase Map of
the Region Represented in (b) Where Red and Green Colors Correspond to Cu and Ta
Phases Respectively. Data from (K. A. Darling et al. 2016D). .........cccccevevevviirinennns 29
4: Microstructural Evolution of NC Cu-10 at. % Ta Subjected to In-Situ Heating and
Corresponding Grain Size Distributions at each Temperature Level. The Grain Sizes
for Cu and Ta Nanoclusters do not Change Significantly Indicating the Stability of

TNE ATTOY ...t 31



Figure Page
5: Ta Particle Size Distribution as a Function of Temperature. The Average Size of Ta
Particle Remains Unchanged with the Increase in Temperature. ...........ccccooevvnennnne. 32
6: Average Misfit Strain Evolution as a Function of Temperature for the Ta Nanoclusters.
with the Increase in Temperature the Misfit Strain Decreases from 12.9% To 4% from
EXPEIIMENES. ..ot bbbt 34
7: Cross Sections of Ta Clusters with a Diameter of (a) 3 nm and (b) 7 nm at 426 °C (700
K). Ta Atoms in FCC And BCC Environments are Shown in Green and Blue. The
Grey Atoms Represent Other Structural Environments; (c) Dislocation Loops Emitted
by the Ta Particle with d =7 nm At 426 °C. Note: The Dislocation Splitting into
Partials Separated by a Stacking Fault. The FCC Cu Atoms were Removed for
Clarity. (d) HRTEM and (e) IFFT Image of a Semi-Coherent Particle with d = 5.0 +
0.035 nm at 400 °C with Misfit Dislocations Highlighted in Yellow (The Scale Bar is
Identical for (d) and (e) and Corresponds t0 2 NM). ......ccvveeieereiie e 36
8: TEM Bright Field Images in the (a) As-received Condition and (b) 400 °C for NC Cu-
10 at. % Ta Alloy. The Distances Between Large Ta Particles, Ta Nanocluster (P) and
GB is Highlighted for both the Conditions. There is a Significant Ta Nanoclusters
Pinning the GB at both the Conditions Validating the Zener Pinning Theory (Koju et
AL 2016). vttt ettt b et aereere e 38
9: Flow Stress as a Function of Average Misfit Strain of the Ta Nanoclusters in NC Cu-
10 at. % Ta Processed at 700 °C. The Flow Stress was Extracted at 10 % Strain from
the Stress-Strain Response of Samples Subjected to Quasistatic Compression Tests at

R £ 1N T (- T 40



Figure Page

10: Strength at Temperature versus Applied Temperature for NC and UFG Metals and

11:

Alloys. Yield Strength and Flow Strength for NC-Cu-10at.%Ta’s Data along with NC
and UFG Data Reported in the Literature at (a) Quasistatic and (b) High Strain Rates.
The Rate of Change of Strength with Temperature is Lower for NC-Cu-10at.% Ta as
Compared to other NC Materials Reported. NC Cu and Al from (Farrokh And Khan
2009b), UFG Cu from (Suo Et Al. 2013), UFG Al from (Sun Et Al., N.D.), UFG Al
Alloy from (Witkin, Han, And Lavernia, N.D.),NC Al Alloy from (Shaw And Luo
2007), CG W from (Lennon And Ramesh 2000), CG Ti from (Lee And Lin 1998),
Single Crystal Ni-Al from (Ball And Smallman 1966), And CG Ni Superalloys from
(Yamashita And Kakehi 2006). ..........cceiiriiiniiiieieienesie s 47
Microstructural Characterization of Post-Deformed NC-Cu-10at.%Ta Tested at
Various Strain Rates. Micrographs of NC-Cu-10at.%Ta (Green Circles), NC Cu (Red
Circles), and CG Cu (Black Circles) Corresponding to (a) Quasistatic Testing, and (b)
High-Strain Rate Testing Highlighting the Effects of Temperature and Strain rate on
the Deformation. The Shift in Deformation from Twin Based to Slip Dominated for
High-Strain Rate Testing is Evident from the Micrographs with the increase in
Temperature. Quasistatic Testing Results in Slip Based Deformation at both RT and
600 °C. Ta Nano-clusters are Responsible for Pinning the Grain Boundaries and

Dislocations imparting Stability and Strength. ... 49



Figure Page

12:

13:

14:

Grain Size Distribution of Cu and Ta Nanoclusters Obtained from As-Received and
Quasistatic Tested Samples (at 0.01 s). (a) The Distributions Indicate Nominal
Increase in Grain Size for Cu with Majority of the Grains in the Nanocrystalline
Regime. (b) Ta Nanoclusters also Exhibit Stability with Temperature. (c-d) Gaussian
Distributions Confirm that the Distributions do not Shift Significantly Indicating
Negligible Grain CoarseNiNg. .......ccooviieiierieiieseee et 51
Grain Size Distribution of Cu And Ta Nanoclusters Obtained from As-Received And
Quasistatic Tested Samples (at 0.01 s). (a) The Distributions Indicate Nominal
Increase in Grain Size for Cu with Majority of the Grains in the Nanocrystalline
Regime. (b) Ta Nanoclusters also Exhibit Stability with Temperature. (c-d) Gaussian
Distributions Confirm that the Distributions do not Shift Significantly Indicating
Negligible Grain COArSENING. ......cceiiririiiierieiee et 52
Characterization of the Ta-Rich Nanoclusters Responsible for the Unique Stability
and Strength in the Immiscible Based Alloy Systems. (a) High Angle Annular Dark
Field (HAADF) Image of Disordered-Ordered Nanocluster Where One Part Exhibits
a High Degree of Crystallinity and the Other Exhibits a Disordered Structure, (b)
High Angle Annular Dark Field (HAADF) Image of Perfectly Crystalline
Nanocluster, and High Resolution Transmission Electron Microscope Image of (c-d)
Core Shell Type Nanoclusters with a Crystalline Shell Being Rich in Ta, and the Core

Consisting of Defects such as Vacancies (D From (K. A. Darling et al. 2016a)) . .... 54

Xi



Figure Page

15: Creep Response of NC-Cu-10at.%Ta. (a) Creep Strain Versus Time Curves for
Various Applied Temperatures and Constant Stress Conditions, and (b) Theoretical
Deformation Mechanism Map of a NC-Cu with an Average Grain Size of 50nm along
with Recently Published Experimental Creep Rates (Mohamed And Li 2001) In NC-
Cu and Ni are Plotted in Stark Comparison to this Work on NC-Cu-10at.%Ta. The
Theoretical Constant Coble Creep Rate Lines for a Grain Size of 50nm (Green and
Blue Circles) are also Provided............cooiiiiiiiiiiiiieesee s 62

16: TEM Characterization of Ta-Based Nanocluster in as-Received NC-Cu-10at.%Ta (a)
The Bright-Field STEM (BF-STEM) Image Highlighting the High Number Density
of Nanoclusters of Various Sizes. The Colored Arrows are used to Designate the
Sizes of the Different Coherent/Semi-Coherent Nanoclusters (Red Arrows ~1nm,
Yellow ~2.5nm, Green > 4nm Radius). (B) HAADF-STEM Image Accentuating Ta-
Rich Clusters Based on Z-Contrast and (C) Higher Magnification of the Same. The
BF-STEM (d) Highlighting the Core-Shell Structure of the Nanocluster. (e) Inverse
Fast Fourier Transform (FFT) Image Highlighting the Threading Dislocations and
Half Plans Between the Matrix Semi-Coherent Clusters. (f) 3nm Particle Residing at

AHIGN ANGIE GB. ... 64

xii



Figure Page

17:

18:

TEM Images Showing the Microstructures and Grain Distributions Indicating
Stability in NC-Cu-10at.%Ta after Creep Testing. Number Distributions Averaged
over 300 Grains of Both the Cu Matrix (Red) And Ta Particles (Green) (a) Before and
(b) After the Creep Testing. The Cu Grains and Ta Particles have a Nearer Identical
Distribution Before and After the Creep Testing. (a) The High Resolution BF-STEM
Image Showing the Bowing of the GB as it Interacts with Ta Clusters. The Color-
Coded Arrows Highlight the Varying Sizes of Ta (Red Arrows < 1 nm, Yellow
Arrows < 1-2 nm, and Green Arrows >4 nm Diameter).........cccocvevevieenvnienieeneenenn 66
Modeling Data Indicating Stability in NC Cu-10at.%Ta After Creep Testing. (a-b)
Provides 2-D Slices Through 3-D Atomistic Creep Simulations of Pure NC-Cu and
NC-Cu-10at.%Ta at 600 °C and 295 MPa of Applied Stress, respectively. White
Atoms Represent the Initial GB Configurations (Avg. Grain Size 8nm, both cases),
While Red and Green Atoms Represent the Extent of Coarsening Associated with
Plastic Deformation under Constant Load and Temperature Conditions. In (b), Ta
Atoms (Blue in Color) Formulate a Random Distribution of GB Clusters and
Localized Growth is Observed (Circled in Black) Due to Insufficient Zener Pinning in

SOME GrAINS. ..o, 67

Xiii



Figure Page

19: (a) Hlustrative Model for the Generalized Stacking Fault Energy Calculation: (b) A

20:

Perfect Crystal With ABCAB|CABC Stacking; (c) An Unstable Stacking Fault (T'usf)
with ABCAB|BCAB Stacking; (d) A Stable Stacking Fault (I'ssf) with
ABCABIABCA Stacking Left Behind by the Leading Partial; (¢) An Unstable
Twinning Fault (I'utf) with ABCABA|ABC Stacking; (f) 2 Layers Microtwin with
ABCABA|CAB Stacking; (g) Supercell with a Random Doping of Ta Atoms; and (h)
Supercell with One Ta Particle. Note that the Red, Blue and Green Atoms are A, B
and C Stacking, respectively. In (g) and (h) the Red and Blue Atoms Correspond to
Copper and Tantalum Atoms Respectively. The Dotted Line in this Figure Represents
the Shear Plane. For a Twin Fault to Nucleate, the Shear Plane has to Move by One
ATOIMIC LAYET. .ottt 73
GSFE as a Function of Shear Displacement Along the [112] Direction for (a) Cu-Ta
Solid Solution Alloys and (b) Cu Matrix with Various Size Ta Particles (Radius). In

Both Cases an Increase in I'ssf And Tutf with Addition Ta was Observed................ 75

Xiv



Figure Page

21: (a) Transition of Deformation from Slip to Deformation Twinning with Increasing

22:

Concentration of Ta (Circle) and Increasing Particle Size (Diamond) in a-b
Coordinates. Note: Red Star is a Point with no Ta. Points Under the Ideal Black Line
can form Twins While over the Line, Twinning is Difficult. As the Concentration of
Ta as well as the Ta Particle Size Increases, There is a Transition from Twinning To
Slip. Around a 2 nm Radius Particle Size, There is a Transition from a Coherent
Boundary to a Semi-Coherent Boundary for the Particle as Predicted by Eshelby
(JOHN D. Eshelby 1957). TEM/HRTEM Micrographs of (b,c) NC Cu-10 at.% Ta
(Processed at 800 °C) and (d,e) NC Cu-1 at.% Ta (Processed at 700 °C). While the
Deformation in (b,c) is Primarily Dislocation-Mediated (Restricted by Ta Particles,
Yellow Outline), Deformation in (d,e) Occurs Through Twinning. The HRTEM
Images were Taken in <110> ZONE AXIS. ..c..uiiiiiirieieieniesie st 77
High Resolution Transmission Electron Microscopy Images (Zone Axis <110>) and
Corresponding FFTs from (a-c) Cu-10 at. % Ta Processed at 800 °C and (d-f) Cu-1
at.% Ta Processed at 700 °C. The Twinning Process in case of Cu-10 at. % Ta Alloy
is Restricted Due to the Presence of Ta Nano-Particles (Indicated by Yellow Dotted
Lines) whereas in the case of Cu-1 at. % Ta Alloy, Twinning is Favored. The Extra

Spots in the FFT are due to the lon-Milling Damage. .........cccovoevieienincrceee 78

XV



Figure Page

23:

24:

25:

Twinnability as a Function of Intrinsic Twinnability Factor n for (a) Solid Solution
Of Ta Atoms and (b) Different Sizes of Tantalum Particle. Red Star Points Indicate
Pure Cu (No Ta). Diamond Points are for Homogeneous Twins, While Circles and
Triangles are for Heterogeneous Twins from a Crack Tip and a Grain Boundary,
respectively. With an Increase in the Concentration of Ta, There is a Decrease in
HOMOQENEOUS TWINS. ..cveiiiiiieiiieiteeiie sttt sttt e e este e sreenneenee s 80
Plot of Strength Versus Ductility for NC Cu and Alloys. NC-Cu-Ta Offers Promise in
Comparison to Pure NC Cu and through Tailoring the Microstructure via Processing,
an Alloy with the Optimal Ta Concentration Which has Sufficient Strength and
Ductility can be Deduced. NC Cu Data Taken from (Sanders, Eastman, and
Weertman 1997; M. Legros et al. 2000; Y. Wang et al. 2002; Lu et al. 2000; Y. M.
Wang et al. 2003), NT Cu and UFG Cu from (Lu et al. 2009; Dao et al. 2006),and CG
Cu from (Lu et al. 2009). NC Cu-Ta Data is from the Current Study. ............cccu...... 84
Schematic for Developing Strong Microstructurally Stable Nanocrystalline Materials
Which Have a Potential to Replace Current Generation High-Temperature
Components. Compression Data from (K. A. Darling et al. 2015a), Structure
micrographs from (K. A. Darling et al. 2016a),and Processing Schematic from

(TSChOPP €t al. 2014) ..ottt sreeee e nreenae s 86

XVi



CHAPTER 1

1 MOTIVATION

Nanocrystalline (NC) materials with mean grain size (d) less than 100 nm have
received significant attention due to the enhanced mechanical properties compared to
coarse-grained (CG) materials (d > 1 um). Therefore, NC alloys are very attractive for
multiple engineering and structural applications (R. Z. Valiev et al. 2007; Ruslan Z.
Valiev, Xia, and Langdon 2009). Howeover, the high interfacial energy of the boundaries
lead to instability. For instance, NC Cu samples exhibited dramatic grain growth even at
room temperature. Addition of stress alleviates the problem even at sub-zero
temperatures. The plastic instability (Kumar, Van Swygenhoven, and Suresh 2003a;
Meyers, Mishra, and Benson 2006; Ovid’ko 2007; Dao et al. 2007) due to loss in the
strain hardening behavior and grain growth (under both monotonic and cyclic loading)
(Gianola et al. 2006; Malow and Koch 1997; Hibbard et al. 2002) observed in various
pure NC materials at small grain sizes at low homologous temperatures has been well
documented. Furthermore, the effect of coarsening is elevated under conditions of
prolonged exposure to temperature and stress which is typical of the conditions
experienced by structural materials. In addition, the processing of these NC materials also
take a hit where the processing routes involve extended periods of exposure to high
temperatures. As a result, for the past 30 years, basic deformation research has been
restricted to lower temperatures because of this short fall.

While challenges remain, recent advanced in experimental, computation and

theoretical capability have allowed for the synthesis of thermally and mechanically



stabilized bulk specimens to be produced that have heretofore been pursued only on a
very limited basis. The addition of solutes to minimize coarsening is considered to
stabilize the nanocrystalline materials. This thermal stability is critically important for
producing bulk NC specimens using mechanical alloying, whereby a subsequent high
temperature consolidation step is required to produce a fully dense, bulk NC sample (Carl
C Koch 2007; Carl C. Koch et al. 2013; Frolov et al. 2012; K. A. Darling, Tschopp,
VanLeeuwen, et al. 2014a; Andrew J Detor and Schuh 2007; Ma 2004). Synthesis of one
such material based on thermodynamic and kinetic modes of stabilization, NC-Cu-
10at.%Ta has paved way for the emergence of development of such stable alloys.

Despite significant gains in knowledge related to the development and engineering of
plasticity in nanomaterials, there still persist a sizeable gap in the fundamental
understanding of how the stable nanostructured materials respond at highly elevated
temperatures and stress levels. Specifically, isolation and identification of microstructural
features that influence the deformation and stability in these alloys. This complete
understanding is to satisfactorily address the current need for stronger structural materials
in many important technologies.

Therefore, in this work the focus is on the understanding the mechanical response and
deformation behavior of stable NC alloys with NC-Cu-10at.%Ta as a model system

which will aid in design and development of super-strong advanced NC materials.



CHAPTER 2

2 BACKGROUND AND RESEARCH OBJECTIVE

2.1 Background

Nanocrystalline (NC) metals and alloys have received significant attention over the
past couple of decades owing to their interesting properties. As their name suggests,
polycrystalline materials with their average grain size (d) below 100 nm, are classified as
NC materials. These materials possess a large volume fraction of grain boundaries (GBs),
which play a more dominant role in determining the behavior in comparison to their
coarse grained (CG) counterparts ( >1 micron average grain size). The upper limit of
their regime defined by the term “ultra-fine” grain (UFG) is applicable for metals and
alloys whose average grain size is between 250 to 1000 nm. Properties such as superior
strength, improved toughness, enhanced diffusivity and wear resistance in comparison to
CG metals make NC alloys very attractive for multiple engineering applications (R. Z.
Valiev et al. 2007; Ruslan Z. Valiev, Xia, and Langdon 2009). The strengthening due to
grain refinement in CG and UFG metals and alloys is depicted by the Hall-Petch
relationship which indicates that dislocation pileup at the GBs is responsible for the
resistance to plastic deformation (Hall 1954; Petch 1953). However, as grain sizes
approach the NC regime the relationship is valid however it breaks down at around 15
nm (Gleiter 2000; Meyers, Mishra, and Benson 2006) beyond which there is a
plateau/negative slope exists for grain sizes below a critical size (e.g., 8-15 nm for Cu
(Schigtz, Di Tolla, and Jacobsen 1998; VVan Swygenhoven, Caro, and Farkas 2001)). This

inverse Hall-Petch effect has been attributed to a change in deformation mechanism e.g.,



from dislocation pileups to processes such as GB sliding or the occurrence of coble creep
(A. H. Chokshi et al. 1989; Xiao et al. 2001). The strain rate and pressure dependence of
deformation was determined to be the largest at the same average grain size for the onset
of the Hall-Petch breakdown (Van Swygenhoven, Caro, and Farkas 2001; Schigtz, Di
Tolla, and Jacobsen 1998; Trelewicz and Schuh 2007). In addition, NC metals and alloys
also exhibit high strain rate sensitivity, plastic strain recovery (J. Rajagopalan, Han, and
Saif 2007; Y. Wei, Bower, and Gao 2008a) and creep deformation (Meyers, Mishra, and
Benson 2006; Dao et al. 2007) at relatively low temperatures. An illustration of the Hall-

Petch relation and breakdown is in Fig 1.

Several studies, both experimental and computational, have documented in great
detail the deformation mechanisms and mechanical behavior of NC and UFG materials
(Kumar, Van Swygenhoven, and Suresh 2003a; Meyers, Mishra, and Benson 2006;
Ovid’ko 2007; Ii and Boyce 2010; Dao et al. 2007; Q. Wei et al. 2008; Q. Wei et al.
2003; Connolley, Mchugh, and Bruzzi 2005; Rinaldi et al. 2008). These mechanisms and
properties are influenced by the inherent microstructure and not the grain size solely. In
the case of CG metals, the movement of the dislocations contributes to the plastic
deformation and microstructural features such as solutes, GBs also interact with the
dislocations and are responsible for annihilation of dislocations (Hirth and Lothe 1982).
However, NC metals have limited plasticity due to the small grain size and lack of
dislocation sources to contribute towards plasticity (Saada 2005; Marc Legros, Gianola,
and Hemker 2008). Experimentally observed deformation mechanisms include
deformation twinning in NC face centered cubic (FCC) metals, GB rotation/sliding and

dislocation glide (X. Liao et al. 2003; B. Q. Li et al. 2009; M. Chen et al. 2003; X. Z.
4



Liao et al. 2004; Zhu, Liao, and Wu 2012; Zhu et al. 2011; Wu et al. 2011; Cheng et al.
2009). Plastic instability (Kumar, Van Swygenhoven, and Suresh 2003a; Meyers, Mishra,
and Benson 2006; Ovid’ko 2007; Ii and Boyce 2010; Dao et al. 2007) due to loss in the
strain hardening behavior and grain growth (under both monotonic and cyclic loading)
(T. J. Rupert et al. 2009; Gianola et al. 2006; Fan et al. 2006; Carl C Koch 2007; Malow
and Koch 1997; Hibbard et al. 2002) have also been observed in various pure NC
materials. In-situ and ex-situ transmission electron microscopy (TEM) studies have been
instrumental in characterizing the nanoscale deformation behavior of NC metals and
alloys. These studies have indicated that the dislocation mediated plasticity is a dominant
mechanism for grain sizes above 30 nm (Kumar et al. 2003; Hugo et al. 2003). The
deformation mechanisms in NC metals and alloys are not only dependent on the material
properties but the external variables such as the temperature and also the mode of
loading. In particular, the mechanisms associated with deformation for high strain rate
loading is different in NC metals and alloys as compared to their CG counterparts. That
is, hardening due to forest dislocations is unlikely in NC materials with FCC structure
(Duhamel, Brechet, and Champion 2010). Simulations in addition to the experimental
observations have contributed to the understanding of deformation mechanisms of NC
metals and alloys. Molecular dynamics (MD) studies have indicated that GBs serve as a
nucleation sites and provide trapping sinks for the dislocations. That is, the dislocations
once nucleated, travel across the grain and get absorbed in the opposite GB. These GBs
are also responsible for pinning the dislocations ultimately obstructing the motion of the
dislocations and thermal energy is required to unpin the dislocations (Schigtz and
Jacobsen 2003b; Van Swygenhoven, Caro, and Farkas 2001; Swygenhoven and Caro

5



1997; Van Swygenhoven, Derlet, and Hasnaoui 2002). Thus the availability of advanced
processing and characterization tools enables us to fabricate, inspect the structure and

mechanical behavior of NC metals and alloys for various applications.

GB Sliding GB Intergranular
Dislocations dislocation
sources

/ 6= o,+ kd-s

T~

10 nm 100 nm 1 um
log (grain size)

log (yield stress)

Figure 1: Hlustration of Hall- Petch behavior and breakdown adapted from (Kumar, Van

Swygenhoven, and Suresh 2003b)

Defects in NC metals and alloys play a critical role in controlling the deformation
processes and mechanical properties. GBs, triple junctions (TJs) and stacking faults (SFs)

contribute toward emission (especially GBs), nucleation and annihilation of dislocations.

Furthermore GBs are a major contributor towards deformation mechanisms including
slip transfer capability and their local atomic structure has a lot of significance in terms of
dictating the properties in NC metals and alloys. Furthermore, these “defect” regions
(GBs) act as a sink for dislocations, vacancies, impurities and SFs. Processing NC
through mechanical alloying and consolidation introduces many non-equilibrium GBs in
the microstructure which also possess excess free volume that can accommodate these

defects (X. Z. Liao et al. 2004; VVan Swygenhoven, Derlet, and Frgseth 2004). For smaller



grain sizes GBs act as dislocation sources where a dislocation is nucleated then it travels
along the grains and gets absorbed at the opposite GB. Another mechanism namely, GB
sliding occurs due to the dislocation climb mechanism or glide for smaller grain sizes.
Temperature has an influence on the structural state of the GBs and determines the
interactions between various defects. Several MD computational studies have ascertained
the role of GBs on dislocation emission and also the role of temperature on the activation
mechanism (Duhamel, Brechet, and Champion 2010; VVan Swygenhoven, Derlet, and
Frgseth 2004; Van Swygenhoven, Derlet, and Frgseth 2006a). Thermally active de-
pinning of dislocations is also considered to be a rate controlling process(Van
Swygenhoven, Derlet, and Frgseth 2006a; Kato 2009). In addition, with the application of
temperature, a relaxation process was found to occur in the non-equilibrium GBs where
the atoms rearrange into a structure and remove the “excess” defects that are present.

This “new” structure is ordered and energetically favorable (Hasnaoui, Van
Swygenhoven, and Derlet 2002). That is, this is due to the fact that the energy required to
create relaxed GBs (GB energy) is lower than the non-equilibrium GBs. Moreover, this
process has an impact on the mechanical properties of these NC metals and alloys where
enhanced strengthening is observed due to the relaxed GBs. Therefore, identification of
the structure and properties of the GB is critical while designing systems for high strength

applications.

In addition to GBs, TJs also act as sinks for vacancies, impurities and dislocations due
to their excess volume unlike the bulk which has a low energetic preference to segregate.
Also, the diffusion is faster in comparison to the GBs (Chellali et al. 2011; Ames et al.

2008). This has a higher significance in the case of NC metals and alloys due to the high
7



volume fraction of GBs and TJs in a given volume (Chellali et al. 2011). This is why the
diffusional deformation based mechanisms are dominant for NC materials (B. Cai et al.

1999; Y. Wei, Bower, and Gao 2008b).

It is known that SFs are created in the case of FCC metal systems such as Cu and Ni
where only one partial dislocation is emitted. Interestingly, in case of FCC NC metals and
alloys, the nucleation event also consist of formation of a leading partial and then a
trailing partial as the presence of a SF in between partial dislocations is more favorable
compared to a full dislocation. Such SFs leading to deformation twins are more
predominant in smaller grained FCC NC systems (M. Chen et al. 2003; X. Liao et al.
2003; X. Z. Liao et al. 2004; Zhu et al. 2011; Zhu, Liao, and Wu 2012). For example, in a
low stacking fault energy(STFE) NC metal aluminum a twin or a full dislocation is
formed due to the accompanying trailing partial(Yamakov et al. 2004; Van

Swygenhoven, Derlet, and Frgseth 2006a; Zhu et al. 2011).

Thus, these observations have ascertained that the rate of creation/removal or
modifications of the defects such as GBs, TJs and SFs control the deformation process
and in turn the mechanical behavior of the NC metals and alloys. For instance, the role of
alloying additions/impurities towards strengthening has been thoroughly studied. The
presence of solutes at either substitutional or interstitial positions of the parent lattice can
either cause softening or hardening of the alloy (solid-solution strengthening). In the case
of CG metals and alloys, the resistance to dislocation motion due to the alloying elements
causes the strengthening. However for NC metals and alloys, the strengthening is

dependent on not only the solid solution strengthening but also GB strengthening where
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the GBs display a higher tendency to segregate the solute (Shen and Koch 1996). For
grain sizes below 15 nm, dislocation activity is negligible and the effect of solutes on

solid solution strengthening is difficult to probe.

Understanding the influence of external loading on these defects is also critical as
mechanical loading such as indentation, tension/compressive uniaxial loading, cyclic
fatigue etc. has been shown to have an impact on the structure of the NC metals and
alloys where the stress state provides a stimulus for grain growth and changes in GB
structure (T. J. Rupert et al. 2009; li and Boyce 2010; Mughrabi and Hoppel 2010;
Gianola et al. 2006). Several studies have pointed out that grain growth is affected by
temperature as well as loads applied in NC FCC metals and alloys such as Al, Ni, Cu etc.
The changes in the microstructure have been characterized through in-situ as well as ex-
situ TEM observations. GB sliding and grain rotation is said to be responsible for the
mechanically-induced grain growth behavior (Hall 1954; Marc Legros, Gianola, and
Hemker 2008). In the case of GB sliding, the local atomic structure is said to influence
the motion for both High Angle GBs (HAGBs) and Low Angle GBs (LAGBs) (Gutkin
and Ovid’ko 1 2004; Boyce and Ii 2011). The atom shuffling induces the GB motion
perpendicular to the GB plane and this has been linked to shear stresses (Cahn and Taylor
2004; Cahn, Mishin, and Suzuki 2006). Also, the local atomic structures at the GBs and
TJs are sensitive to the external load and have been observed to re-arrange for NC metals
and alloys thereby reducing the volume fraction and energy. With the application of the
stress, the GBs are also observed to exhibit similar behavior when a thermal stimulus is
present. Several studies have reported these phenomena in Ni, Al and Cu metals and

alloys (Jin et al. 2004; Shan et al. 2004). During mechanical loading, grain rotation is
9



also said to occur where grains rotate and coalesce to form larger grains. This inevitably
leads to instability as the properties of NC metals and alloys are not retained post-
deformation. GB network and texture has also been observed to undergo changes with the
application of load. Cyclic loading has been found to induce several twin boundaries and
simultaneous applying loading as well as temperature was found to induce change in GB

network in Ni (Panzarino, Ramos, and Rupert 2015).

Several studies have pointed out the feasibility of the role of solutes on stabilizing the
microstructure under applied stress/temperature to retain the nanocrystallinity. Two
approaches have been put forth to achieve thermal/plastic stability, viz a viz
Thermodynamics and Kinetic methods. The operative mechanisms under
thermodynamic approach deals with thermodynamic reduction in driving force for grain
growth, whereas kinetic approach revolves around the use of second-phase particles for
Zener pining and either impurity/solute drag or TJ drag to take into account(K. A.
Darling et al. 2015a). In the case of thermodynamic stabilization of grain size, the
segregation of the impurity/solute is said to be responsible for the reduction in driving
force for grain growth. These solutes are said to stabilize the grain size over a range of
temperatures and several alloys have demonstrated the thermal stability(K. A. Darling et
al. 2013; Dake and Krill 111 2012; K. A. Darling et al. 2010; A.J. Detor and Schuh 2007,
J. Weissmdller et al. 1992; K. W. Liu and Miicklich 2001; Terwilliger and Chiang 1995;
Farber et al. 2000; C.C. Koch et al. 2008). The basic assumptions and derivations can be
looked up in these references (Saber et al. 2013a; Saber et al. 2013b; Carl C. Koch et al.
2013; Frolov et al. 2012; Andrew J Detor and Schuh 2007; Joérg Weissmdiller 1994; J.

Weissmiuller 1993; Cserhati, Szabo, and Beke 1998; Millett, Selvam, and Saxena 2007;
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Kirchheim 2002; F. Liu and Kirchheim 2004). Second-phase/Zener pining (Zener
mechanism) is said to stem from the pinning of GBs and TJs due to the alloying elements
which exert pressure that reduces the drive for the motion of the GBs (Andrew J Detor
and Schuh 2007; Carl C Koch 2007; Carl C. Koch et al. 2013; K. A. Darling, Tschopp,
VanLeeuwen, et al. 2014a; Saber et al. 2013a; Frolov et al. 2012; Saber et al. 2013b; M.

A. Atwater, Scattergood, and Koch 2013).

This pressure is given by (Bate 2001):

3fy

PZ=_

d

where P, is the pressure exerted by the particles per unit area of the GB, f is the volume
fraction of particles, d is the effective diameter of the particles, and y is the GB energy.
These particles are observed to be more effective in TJ pinning compared to GBs because
of the removal of the high energy density at the TJs(“Sina_Shahandeh  TMS2010.pdf”
2015). Stabilization of the grain growth at low and intermediate temperatures may be
attributed to solute drag for systems with segregated impurities (Upmanyu et al. 2002;
Humphreys and Hatherly 2004). However, the majority of the contribution to thermal
stability is said to arise due to the reduction in GB energy caused by the segregated
impurities rather than the solute drag itself (Z. Chen et al. 2009; Z. Chen et al. 2012;
Zheng Chen et al. 2009; Gong, Liu, and Zhang 2011). Very small grain sizes have been
observed to exhibit TJ drag and TJs themselves have a higher volume fraction for sizes
lower than 5 nm in comparison to the GBs (Upmanyu et al. 2002; Palumbo, Thorpe, and
Aust 1990). Thus, the major contributor to the kinetic based stabilization mechanism for

these grain sizes is the TJ drag. However, a study on NC Pd (Ames et al. 2008) has
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elucidated that the TJs do not influence the stabilization of grain size (GS) for relatively
moderate GS ranges. All in all, these mechanisms primarily rely on the incorporation of
solutes into the microstructure which will stabilize and in turn provide sufficient strength
at various loading/thermal conditions. Thus, using the thermodynamic and kinetic
stabilization theory (K. A. Darling, Tschopp, VanLeeuwen, et al. 2014a; K. A. Darling et
al. 2013; Saber et al. 2013a; Saber et al. 2013b; Frolov et al. 2012; Tschopp et al. 2014),
it has been shown that grain coarsening at high temperatures could be suppressed through
selective segregation of solute species to the interface. This thermal stability is also
critically important for producing bulk NC specimens using mechanical alloying whereby
a subsequent high temperature consolidation step is required to produce a fully dense,
bulk NC sample (Carl C Koch 2007; Carl C. Koch et al. 2013; Frolov et al. 2012; K. A.
Darling, Tschopp, VanLeeuwen, et al. 2014a; Andrew J Detor and Schuh 2007; Ma
2004).

The deformation mechanisms are said to be distinctly different than the un-
alloyed/pure NC metals which experience instability under thermal/stress impetus. The
emergence of such stable materials provides an exciting opportunity for uncovering novel
plastic deformation mechanisms in nanocrystalline metals and alloys at high homologous
temperatures (T > 0.4Ty,) which until recently have not been possible to explore.
Although the research efforts up to now have focused on developing a basis for creating
thermally stable nanocrystalline materials, the systematic study involving the discovery
and effect of microstructural parameters on active deformation modes in these materials
is limited. The complex nature of the microstructure has prevented delineating the
specific mode or modes of deformation (e.g., dislocation propagation, twin nucleation
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and growth, etc.) operating in these systems under a combination of loading and
temperature. This process is complicated by the fact that extensive coupling of the
various microstructural features. This dissertation will focus on understanding the
interaction between various microstructural features which translate into the mechanical
response of one such stable nanocrystalline alloy, NC-Cu-Ta at extreme conditions. The
systematic evaluation of structure-property relationship will aid in designing materials

with exceptional response at extreme conditions.
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2.2 Research Objectives

Instability limits the application of conventional nanocrystalline materials for any
practical applications. Understanding the fundamentals that are involved in the
development of stable nanocrystalline material systems that can exhibit a multitude of
properties at extreme conditions is still a work in progress. In fact, the limited
understanding of the effect of microstructural features and deformation mechanisms that
will contribute towards the exceptional performance of these materials affects the design
of such materials. Therefore, this dissertation aim to address the critical need, building
upon a full dense well characterized material complex material that exhibits high thermal
and mechanical stability as well as exceptional high temperature performance under the
evaluating conditions. The objectives are:

1. Assessment of microstructural stability in a nanocrystalline stable alloy.

A major concern with nanocrystalline materials is the thermal and plastic instability
associated which restricts the practical utility of the high-strength materials. Grain
coarsening leads to a rapid deterioration of properties at elevated temperature and stress
levels. To overcome this problem, the convolution and competition of kinetic and
thermodynamic stabilization mechanisms have led to the design of stable nanocrystalline
duplex systems. One such material system, immiscible Cu-based alloy — NC Cu-Ta has
shown promise. In-situ TEM heating experiments, atomistic modeling along with
elevated temperature compression tests on a thermally stabilized nanostructured Cu—
10at.% Ta alloy was used to assess the microstructural manifestations caused by changes
in temperature as under intense heating and/or deformation, pure nanocrystalline (NC)
metals exhibit significant grain coarsening, thus preventing the study of length scale
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effects on their physical response under such conditions (Chapter 3). In this section, three
main observations were made and derived: a) thermal stability achieved with this NC Cu-
10 at.% Ta diverges from those observed for conventional coarse-grained metals as well
as other NC metals; b) Macroscopically, the microstructure (Cu grain and Ta based
cluster size) of NC Cu-10at% Ta was morphologically stable in shape and (c) local
structural changes at the interface between the Ta based clusters and the Cu matrix with
temperature (i.e.) changes in the lattice misfit was said to influence the changes in flow
stress.
2. Investigation of deformation behavior at extreme conditions of stress and
temperature in a stable nanocrystalline alloy.

Since, their conception, there has been great interest in uncovering novel plastic
deformation mechanisms in nanocrystalline metals and alloys which show unique
properties which deviate from the behavior of coarse grained materials. Despite
significant gains in knowledge related to the development and engineering of plasticity in
nanomaterials, there still persists a sizeable gap in the fundamental understanding of how
these very same nanostructured materials respond at highly elevated temperatures. This
is mainly because their thermal and mechanical instability under such extreme conditions
presents a significant obstacle to their proper evaluation. As a result, for the past 30
years, basic deformation research has been restricted to lower temperatures because of
this short fall. The emergence of such materials provides an exciting opportunity for
uncovering novel plastic deformation mechanisms in nanocrystalline metals and alloys at
high homologous temperatures (T > 0.4T, ) which until recently have not been possible
to explore. A range of deformation temperature is used to specifically investigate the
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strain rate sensitivity and activation volume as a function of temperature, e.g the
signatures of the rate-limiting thermally activated deformation mechanisms
accommodating the plastic flow at temperature. Such experimental evidence is highly
valuable as the current understanding of deformation mechanisms in NC metals has been
limited to low or room temperature analysis where thermally activated mechanisms may
not be significant to allow the punching of mobile dislocations through the dense bundle
of excess grain boundary dislocations, or the de-pinning and translation of propagating
dislocations from GBs into the neighboring grains [E Ma], especially in the presence of a
high density of Ta based clusters. These dislocation—grain boundary interaction-
mediated mechanisms will become increasingly important to understand in nc metals
stabilized to high homologous temperatures.
3. Investigation of long-term deformation behavior: creep resistance in a
microstructurally stable nanocrystalline alloy.

Nanocrystalline metals, with a mean grain size of less than 100 nanometres, have
greater room-temperature strength than their coarse-grained equivalents, in part owing to
a large reduction in grain size(Gleiter 2000). However, this high strength generally comes
with substantial losses in other mechanical properties, such as creep resistance, which
limits their practical utility; for example, creep rates in nanocrystalline copper are about
four orders of magnitude higher than those in typical coarse-grained copper(Mohamed
and Li 2001; Atul H. Chokshi 2009). The degradation of creep resistance in
nanocrystalline materials is in part due to an increase in the volume fraction of grain
boundaries, which lack long-range crystalline order and lead to diffusional processes such
as diffusional creep, sliding and rotation(Atul H. Chokshi 2009). In this section,
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nanocrystalline copper—tantalum alloys is reported to possess an unprecedented
combination of properties: high strength combined with extremely high-temperature
creep resistance, while maintaining mechanical and thermal stability. Precursory work on
this family of immiscible alloys has previously highlighted their thermo-mechanical
stability and strength(K. A. Darling, Tschopp, Guduru, et al. 2014; K. A. Darling et al.
2015b), which has motivated their study under the more extreme conditions of creep. A
steady-state creep rate of less than 10°° per second—six to eight orders of magnitude
lower than most nanocrystalline metals—at various homologous temperatures between
0.5 and 0.64 times the melting temperature of the matrix (1073 degrees Celsius) under an
applied stress ranging from 0.85 per cent to 1.2 per cent of the shear modulus was
observed. The unusual combination of properties in this nanocrystalline alloy is achieved
via a processing route that creates distinct nanoclusters of atoms that pin grain boundaries
within the alloy. This pinning improves the Kinetic stability of the grains by increasing
the energy barrier for grain-boundary sliding and rotation and by inhibiting grain
coarsening, under extremely long-term creep conditions. The processing approach should
enable the development of microstructurally stable structural alloys with high strength
and creep resistance for various high-temperature applications, including in the
aerospace, naval, civilian infrastructure and energy sectors.
4.  Evaluation of the effect of Ta concentration on deformation of stable
nanocrystalline alloys.

Stable nanocrystalline materials offer exceptional thermal stability and mechanical

response at elevated stress/temperature conditions. Nanostructured Cu—Ta alloys show

promise as high strength materials in part due to their limited grain growth. In the present
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study, the role of Ta on the transition from deformation twinning to dislocation-mediated
slip mechanisms in nanocrystalline Cu through atomistic simulations and TEM
characterization is elucidated. In particular, computed generalized stacking fault energy
curves show that as Ta content increases there is a shift from twinning to slip-dominated
deformation mechanisms. Furthermore, heterogeneous twinnability from microstructural
defects decreases with an increase in Ta. The computed effect of Ta on plasticity is
consistent with the HRTEM observations.

In the end a future research idea is presented. The technological advances in material
processing have made processing of such stable nanocrystalline materials a viable option.
For realization in practical applications, it is imperative to design a nanocrystalline
material system that offers a good strength-ductility tradeoff whilst retaining thermal and
mechanical stability at elevated temperatures. A general methodology for the design of
strong, and lightweight components necessitates the use of a model that can capture the
physical aspects at the plastic deformation in order to design structural materials. The
strength/ductility can be controlled in these stable nanocrystalline material systems
through the effective control of solute addition. Thereby, the following key insights were
accrued: a) a systematic methodology to study the effect of Ta on structural stability was
developed; b) the effect of Ta concentration and processing on microstructure-property
was determined and c¢) optimum Ta concentration which can offer a good balance

between strength and ductility is predicted.
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CHAPTER 3

3 MICROSTRUCTURAL EVOLUTION IN A NANOCRYSTALLINE CU-TA

ALLOY: A COMBINED IN-SITU TEM AND ATOMISTIC STUDY

3.1 Introduction

Metals with a mean grain size (d) below 100 nm, i.e., nanocrystalline (NC) materials,
have garnered significant interest due to their superior mechanical properties as compared
to coarse-grained materials (Gleiter 2000) A large number of experimental and
computational studies have explored how grain boundary mediated plasticity and
microstructural size effects impact the mechanical behavior of NC materials (Meyers,
Mishra, and Benson 2006; Dao et al. 2007; Q. Wei et al. 2008). For example, the Hall-
Petch (Hall 1954; Petch 1953) relationship describes the experimentally-observed
increase in yield strength with decreasing grain size down to grain diameters as small as
20 nm (Gleiter 2000; Meyers, Mishra, and Benson 2006); this behavior is generally
followed by a plateau/negative slope region for grain sizes below a critical size (e.g., 8-15
nm for Cu (Schigtz, Di Tolla, and Jacobsen 1998)). This inverse Hall-Petch effect has
been directly attributed to changes in the governing deformation mechanisms away from
traditional dislocation glide and pile-up processes (A. H. Chokshi et al. 1989).
Fundamental changes in deformation mechanisms are also known to cause many other
intriguing and unexpected physical responses of NC metals, including altered strain rate
and pressure dependencies of deformation (Hornbuckle et al. 2015), superplasticity
(Sherby and Wadsworth 1989), and low temperature creep (M. A. Bhatia, Mathaudhu,

and Solanki 2015), to name a few (see (Tschopp et al. 2014; J. Li et al. 2016)). Generally,
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these unique deviations in behavior are solely attributed to a continual reduction in grain
size and an increase in the fraction of grain boundaries and triple junctions, which leads
to the experimentally reported mechanisms of deformation twinning, grain boundary
(GB) rotation/sliding and viscous flow (M. Chen et al. 2003; X. Z. Liao et al. 2004; Zhu,
Liao, and Wu 2012).

Despite significant gains in knowledge related to the development and engineering of
plasticity in nanomaterials, there still persists a sizeable gap in the fundamental
understanding of the mechanical behavior of these materials, especially under extreme
conditions such as at ultra-high temperatures. This gap is critical as the material
performance at high temperatures is significantly different from the room temperature
(RT) behavior. Limited studies have explored the mechanical behavior of NC materials at
room or moderately low temperatures where a drastic change in the microstructure (grain
growth) has been reported. For example, Farrokh and Khan investigated the uniaxial
compressive behavior of NC Cu and Al (grain size 32 nm and 82 nm, respectively)
prepared through mechanical alloying at a strain rate of 0.01/s (Cu) and a significant
effect of temperature on the strength was observed (Farrokh and Khan 2009a). At the
homologous temperatures of 0.4 T, and 0.56 T, (T being the melting temperature), the
strength was reported to be 40% and 72% of the RT strength for NC Cu and Al,
respectively (Farrokh and Khan 2009a). In case of alloy systems such as NC multiphase
Al alloys (Fe, Cr and Ti minor additions), a similar trend in loss of strength with
temperature was reported for samples with the grain sizes of 50 and 80 nm tested at
quasistatic rates. This significant loss in strength in the NC metal/alloy systems was
attributed to the loss in nanocrystallinity (grain coarsening) (Malow and Koch 1997;
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Gianola et al. 2006; Zhao et al. 2014; Zhou et al. 1997; Akbarpour and Kim 2015) which
led to the dislocation-based mechanism to be a dominant deformation mechanisms at
elevated temperatures (Shaw and Luo 2007).

In general, the thermal and mechanical stability of NC microstructures has been
regarded low based on other experimental observations (Gianola et al. 2006; K. Zhang,
Weertman, and Eastman 2005; Tao et al. 2013). For instance, under thermal heating
experiments, the pure NC Cu exhibits rapid grain growth to the micron-scale at just 100
°C (Huang, Menovsky, and De Boer 1993; Sonia Sim0es et al. 2008; S. Simdes et al.
2008). Further, indentation studies at liquid nitrogen temperature revealed that NC Cu
undergoes rapid grain growth, where the microstructure consists of grains as large as 700
nm (with sizeable volume fraction) after 30 minutes of dwell time in liquid nitrogen
temperatures as compared to an average grain size of 20 nm (K. Zhang, Weertman, and
Eastman 2005). These examples illustrate that, for nominally pure NC metals, the
nanoscale microstructure is an inherent barrier to experimental studies of their properties
even under relatively low temperature conditions. It is expected that more intense
conditions, either thermal or mechanical, will result in a more rapid grain coarsening and
a sudden loss of the material’s intrinsic physical and structural features. Recently,
alternative methodologies have been successfully employed to impart greater stability to
NC metals. These methodologies are based on thermodynamic considerations (K. A.
Darling, Tschopp, VanLeeuwen, et al. 2014a; Saber et al. 2013b; Chookajorn, Murdoch,
and Schuh 2012; Murdoch and Schuh 2013; Timothy J Rupert 2016) coupled with
classical kinetic mechanisms (Carl C. Koch et al. 2013). Such techniques allow for the
retention of the as-processed fine grain size, especially during high temperature
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consolidation. Hence, it may be stated that such methodologies establish the fabrication
pathway and, thus the application of NC metals with desirable properties.

Recently, quasi-static and dynamic yield strengths of greater than 1 GPa were
measured in bulk samples of a NC Cu—Ta alloys, which could not be explained by grain
size strengthening alone (K. A. Darling, Tschopp, Guduru, et al. 2014). The increase in
strength was attributed to the thermal decomposition of a non-equilibrium Cu rich Cu-Ta
solid solution over a range of temperatures (700-900 °C), which led to the formation of a
high density of small coherent Ta-rich nanoclusters (~2 nm in diameter) (K. A. Darling,
Tschopp, Guduru, et al. 2014; K. A. Darling et al. 2016b). The presence of these Ta
nanoclusters within grains and along grain boundaries resulted in strength levels
approximately twice as high as those predicted by Hall-Petch hardening (K. A. Darling et
al. 2015b). These studies suggest that the presence of Ta-based clusters play a
commanding role in defining the deformation response as compared to the NC grain size
alone. Therefore, in the present study, the microstructural evolution was examined, i.e.,
the underlying changes in the Cu matrix grain size and the corresponding Ta nanoclusters
by in-situ transmission electron microscopy (TEM) heating experiments and atomistic
simulations.

This work shows that the thermal stability achieved with this NC Cu-10 at.% Ta alloy
diverges from those observed for conventional coarse-grained metals as well as other NC
metals. That is, macroscopically, the microstructure (Cu grain and Ta based cluster size)
of NC Cu-10at% Ta was morphologically stable in shape and size. However, local
structural changes at the interface between the Ta based clusters and the Cu matrix have a
significant effect on thermo-mechanical properties. Specifically, the misfit strain was
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found to decrease monotonically from 12.9% to 4.0% with increase in temperature,
leading to a significant change in flow stress, despite which remains greater than all

known NC metals.

3.2 Methodology

3.2.1 Experimental Details

High-energy cryogenic mechanical alloying was used to synthesize NC powders with
a composition of Cu-10 at.% Ta using very high purity (99.9%), ~325 mesh size
elemental Cu and Ta powders. The ball milling was carried out in a SPEX 8000M shaker
mill at cryogenic temperatures (verified to be ~ -196 °C) using liquid nitrogen with a
milling time of 4 hours. The milling medium was 440C stainless steel balls and a ball-to-
powder ratio of 5-to-1 by weight was maintained. Cryogenic mechanical milling resulted
in an un-agglomerated powder mass with a particulate size range of 20 um to 100 pm.
The as-milled powders were placed into nickel cans and sealed inside the glove box.
Prior to Equal Channel Angular Extrusion (ECAE), the die assembly was heated to 350
°C. The nickel cans loaded with as-milled powders were equilibrated (for 40 min) in a
box furnace purged with pure Ar cover gas at 700 °C. The equilibrated cans were then
quickly removed from the furnace, dropped into the ECAE tooling, and extruded at an
extrusion rate of 25.4 mm/s using 90° rotations for four passes. This process resulted in
dense 12 mm diameter rod samples with a stable initial grain size distribution. To identify
the impurity content in these alloys, atom probe tomography was performed on the as-
milled powder as well as the NC Cu -10 at. % Ta ECAE sample processed at 700 °C

where a minimal concentration of 1.25 at. % was detected for O. Fe contamination was
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detected using APT and varied between 0.05 at.% and 1 at.%, indicating a relatively
impurity-free alloy (Hornbuckle et al. 2015).

Quasistatic compression tests were carried out over a temperature range from 25 °C
to 400 °C using an INSTRON load frame with a 50 kN load capacity and a furnace rated
up to 1800 °C. The pushrods of the load frame were constructed with precision machined
ZrO, rods to minimize heat losses. The specimens were cylinders with a 3mm diameter
and 3 mm in length, machined using an electric discharge machine from the same sample
batch. Boron nitride lubricated polished WC-disks were used as platens. The system was
held at the testing temperature for about 30 minutes to attain equilibrium and
thermocouples were attached on the specimen to monitor the temperature. Specimens
were loaded under strain control with a strain rate of 0.1 s™.

In-situ TEM heating experiments were carried out in the aberration corrected FEI-
TITAN TEM at 300 kV using an Inconel heating holder and the temperature was
monitored digitally. Aberration corrected ARM-200F operating at 200 kV was also used
to acquire images, especially of the nanoclusters illustrated in the forthcoming sections.
Multiple images were acquired in the bright field and the high resolution TEM mode to
analyze the microstructure and quantify the statistics such as grain size distribution etc.
Imaging was performed at the room temperature (25 °C) followed by imaging at
temperatures 100 °C to 400 °C in 100 C° intervals. Each temperature level was achieved
in approximately 20 minutes and a holding time of 20 minutes was maintained to reach
equilibrium temperature and minimize sample drift. Due to the effects of beam on a thin
area, a relatively thick reference area was chosen for studying the microstructural
evolution under temperature. The samples for in-situ heating were prepared through
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conventional thinning procedures where a 3 mm disk was punched from the bulk
specimen and thinned to about 100 um followed by dimpling to about 5 pm thickness.
lon milling was performed under liquid nitrogen temperatures using Precision lon
Polishing System (PIPS) to obtain electron-transparent regions in the specimens. The

samples were then plasma cleaned in Ar prior to heating to minimize contamination.

3.2.2 Computational Details

Interatomic interactions in the Cu-10 at.% Ta system were described by a semi-
empirical angular-dependent atomistic potential developed by Pun et al. (Pun et al. 2015).
This potential was parameterized using an extensive database of energies and
configurations from density functional theory (DFT) calculations of energy differences
between various crystal structures of pure Cu and pure Ta, the formation energies of
coherent Cu-Ta interfaces, and the binding energy of several ordered compounds, such as
L1,-CusTa, L1p-CuTa, L1;-CuTa, B,-CuTa, and L1,-TasCu (Pun et al. 2015). More
details on the validation of the potential at different temperatures can be found in (Pun et
al. 2015). This potential was recently applied to study structural stability of Cu-Ta alloys
and the Zener pinning of Cu grain boundaries by nano-scale Ta clusters (Koju et al.
2016). The simulations were performed using the large-scale atomic/molecular massively
parallel simulator (LAMMPS) (Plimpton 1995).

To estimate the lattice misfit and coherency as functions of the cluster size and
temperature, spherical Ta clusters were created inside cubic simulation blocks of pure
FCC Cu with several different sizes up to 40 x 40 x 40 nm with periodic boundary

conditions. The clusters were created by replacing Cu atoms by Ta atoms within a
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spherical region at the center of the block. Five different cluster radii ranging from 1.5 to
3.5 nm were studied in this work. Note that in this simulation scheme, the Ta atoms were
initially arranged in FCC structure perfectly coherent with the surrounding Cu. The
structure was then relaxed by molecular statics (total energy minimization), which
resulted in a partial loss of coherency and transformation of certain regions inside the
cluster from FCC to BCC. The cluster structure was examined using the visualization tool
OVITO (Stukowski 2010). Besides FCC and BCC, a small fraction of other structures or
unstructured regions was usually found in the cluster, especially near the Cu-Ta interface.
The system was then slowly heated up to the temperature of 927 °C (1200 K) by
molecular dynamics simulations and the structure evolution was monitored by
periodically quenching the simulation block to -273 °C (0 K) and examining its structure

with OVITO.

3.3 Results and discussion

The primary TEM microstructural characterization and XRD analysis (Figures 2 and
3) of the as-received Cu-10at.% Ta ECAE sample processed at 700 °C revealed the
presence of Cu and Ta based phases, that is fcc Cu and bcc Ta. The orientations indexed
through precession diffraction data for the fcc Cu and bcc Ta phase of the as-received
sample indicates a random texture (Figure 3 (K. A. Darling et al. 2016b)). The TEM
characterization along with grain size distributions is illustrated in Figure 2. The selected
area diffraction pattern confirms the nanocrystallinity of the sample at RT. Surprisingly,
even though our NC material was consolidated to bulk through sever plastic deformation

at 700°C with a total accumulated strain of 4.6 (i.e., 460%), the as received averaged
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grain size was 52 * 14.3 nm, still in the NC regime (Figure 2). In comparison, NC-
materials have been reported to exhibit dramatic grain-coarsening even under low
homologous temperatures, such as NC Cu which was found to coarsen to the micron
regime at just 100 °C (Huang, Menovsky, and De Boer 1993; Sonia Simdes et al. 2008;
S. Simdes et al. 2008). Therefore, this NC Cu-10 at.% Ta alloy exhibits a very stable
microstructure. The processing conditions produced a wide range of Ta particle sizes,
ranging from atomic nanoclusters to much larger precipitates (see Figures 1A to 1D).
Further, Figures 2B, 2C and 2D shows histograms, taken from multiple images similar to
Figures 2A, indicating that the larger Ta particle size distribution has an average
diameter of 39 = 19 nm while the smaller Ta based nanoclusters possess an average
diameter of 3.18 + 0.86 nm. Small aggregations of Ta atoms (e.g., ~10-50 atoms) as
referred as nanoclusters and sizes larger than 14 nm (diameter) are considered as
particles, although we recognize that there is no sharp boundary between the two. The
energy of the interface (J. D. Eshelby 1957) between the nanocluster and the Cu matrix
can be used to quantify the type of coherency of these nanoclusters, and the range of the
grain sizes which correspond to them. Characterizing the coherency at RT has indicated
that this material has coherent, semicoherent and incoherent nanoclusters (d < 3.898 nm,

3.898 to 15.592 nm, and >15.592 nm, respectively) (J. D. Eshelby 1957).
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Figure 2: TEM characterization of as received NC Cu-10at.% Ta (a) bright field TEM
image showing the microstructure consisting of a distinct Cu(fcc) and Ta(bcc) phase
(inset: SAED pattern), size distributions of (b) Cu and (c) larger Ta grains based on TEM
images (average 200 grains), (d) size distribution of Ta nanoclusters with an average size
of 3.18 nm distributed along the grains and grain boundaries, and inverse Fourier filtered
images (IFFT) of (e-f) an coherent (d = 3.47 nm) and (g-h) semicoherent nanocluster (d=
4.11 nm). The interface between the Ta nanocluster and the Cu matrix are highlighted
using dashed green lines in (e-h). Inset: Indexed SAED patterns confirming
nanocrystallinity (M. Rajagopalan et al. 2017).
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Figure 3: Characterization of as-received NC Cu-10at.%Ta. (a) X-Ray Diffraction
pattern of the as-received NC-Cu-10at.%Ta bulk sample processed at 700 °C highlighting
the Cu (fcc) and Ta (bcce) reflections, and (b) orientation imaging map of the as-received
NC-Cu-10at.%Ta obtained through precession diffraction technique representing a
random texture, (c) phase map of the region represented in (b) where red and green
colors correspond to Cu and Ta phases respectively. Data from (K. A. Darling et al.
2016b).

Next, in-situ heating experiments were performed to probe and assess the
microstructural manifestations caused by heat and/or changes in temperature as a fraction
of the absolute melting point of Cu. Figure 4 shows a series of TEM bright field (BF)
images captured at periodic temperature intervals along with the grain size distributions
of Cu grains and Ta based nanoclusters. Each temperature level was achieved in 20
minutes with 20 minutes of hold time and 20 mins of imaging. Thus, at 400 °C, the time
since the start of the test is approximately 240 minutes. Notably, the average grain size at
100 °C, 200 °C, 300 °C and 400 °C was evaluated based on statistical analysis as 55 nm
(60 mins), 56.1 nm (120 mins), 59 nm (180 mins) and 61 nm (240 mins), respectively
which corresponds to a change in grain size of 12 % at 0.5 Ty,. The grain size
distributions indicate limited grain growth in NC Cu-10 at. % Ta when subjected to

annealing (Figure 4 and 5). While the average grain size is estimated to increase only by

12% for Cu phase, the full width half maximum values indicate an increase only about
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4% for Cu grain and 10% for Ta nanoclusters at 0.5 Tn,. However, the grain size of the
larger Ta particles (Fig. 5) virtually remains unaffected indicating that their evolution
does not play a major role in the behavior of this material. This suggests that the alloy is
resistant to grain growth and there is no significant shift in the size distribution. From a
practical perspective the small increase in grain size does not manifest a perceivable
change in the mechanical properties as given by current Hall-Petch assessments of NC
Cu (Tschopp et al. 2014). Furthermore, the limited growth observed may have more to do
with enhanced surface diffusion kinetics related to the direct heating of the prepared
TEM foil. The embedded nanoclusters also exhibit a strong resistance to coarsening,
with the corresponding size distributions for these nanoclusters provided in Figure 4. The
high stability is not completely unexpected as the initial consolidation temperature is
300°C higher than the maximum temperature of the in-situ heating experiments.
Therefore, from a macro perspective under limited re-heating, the stability of the grain
size and nanoclusters is very high in this alloy and diverges from those observed for
conventional coarse-grained metals as well as other NC metals (Sonia Simdes et al.
2008). While in general, the microstructure is morphologically stable in shape and scale,
it is the fine changes in interfacial structure that dictate mechanical properties at elevated
temperatures, owing to the dispersions initially coherent/semi-coherent nature with the

Cu matrix at room temperature.
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Figure 4: Microstructural evolution of NC Cu-10 at. % Ta subjected to in-situ heating and
corresponding grain size distributions at each temperature level. The grain sizes for Cu
and Ta nanoclusters do not change significantly indicating the stability of the alloy (M.

Rajagopalan et al. 2017).
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Figure 5: Ta particle size distribution as a function of temperature. The average size of Ta
particle remains unchanged with the increase in temperature (M. Rajagopalan et al.
2017).

To understand the stability of this alloy at a finer length scale, the effect of
temperature on the high density of coherent and semi-coherent nanoclusters (density =
6.5x10%*/m? (Rojhirunsakool et al. 2015)) distributed in the Cu matrix and along the grain
boundaries was examined. In general, the coherency of the particle also determines the
misfit strain at the interface. The misfit strain can be viewed as an indirect measurement
of the interfacial bonding strength and is correlated with the material’s thermal stability
and mechanical properties. Coherent particles have a lower interfacial energy as
compared to incoherent particles, therefore coherent particles are more energetically
favorable to form below a critical diameter. Figures 2E and 2G illustrate the high
resolution TEM (HRTEM) images of a semi/coherent nanoclusters in the as-received

microstructure with diameters of 3.47 and 4.11 nm, respectively. The corresponding
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inverse fast Fourier transform (IFFT) images appear in 2F and 2H, where the yellow lines
along the Cu-Ta interface in these images are indicative of where the lattice deviates from
the bulk (i.e.) the presence of misfit dislocations. These misfit dislocations are introduced
to minimize the strain at the interface between the clusters and matrix. The frequency of
which can be seen to increase with the diameter of the clusters, see Figures 2F and 2H.

In order to characterize the change in misfit quantitatively, the average misfit strain

from in-situ heating experiments (¢*) was evaluated using the equation (Howe 1997)
e = 2(dy — dy)/(d, +dy) 1)

where d; and d, are the interplanar lattice spacings of the Ta based particles and Cu
matrix computed from the fast Fourier transform (FFTs) at a particular temperature.

The strain values were averaged over the reference area (illustrated in Figure 2) and
the average misfit value as a function of temperature is represented in Figure 5. In case of
ODS steel, the misfit strain between the nano-sized oxide particle and matrix was also
quantified to be relatively high, (i.e.) ~ 12.6% (Ribis and de Carlan 2012). Although the
misfit strain in the as-received condition is high, i.e., 12.9% + 2%, the microstructure
appears to be relatively stable. With the increase in temperature, the average misfit strain
was estimated to reduce to a value about 4%z 0.49%, at 400 °C. Partially, this can be
explained by structural relaxation of the clusters, resulting in increased coherency and
transformation to a more thermodynamically stable structure. Another factor is the
difference in thermal expansion factors of Cu and Ta based clusters, which may reduce

the lattice parameter difference at high temperatures.
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Figure 6: Average misfit strain evolution as a function of temperature for the Ta
nanoclusters. With the increase in temperature the misfit strain decreases from 12.9% to
4% from experiments (M. Rajagopalan et al. 2017).

In order to gather more insight about the misfit dislocations and variation of misfit
strain, atomistic simulations were performed. Figure 5 shows the lattice misfit strain
calculated from atomistic simulations at room temperature which agrees quite well with
experimental findings. However, because of the complex two-phase structures of the
nanoclusters observed in atomistic simulations (see Figures 7a and 7b) and the thermal
noise at high temperatures, it was not possible to accurately determine the interplanar
spacing between Ta atoms from the atomistic simulations in this work. Hence, this
precluded direct calculations using atomistic simulations of the temperature dependence
of the lattice misfit defined by equation (1). Nevertheless, the misfit strain calculated
from atomistic simulations at RT agrees well with in situ TEM experimental

measurement.
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Despite this limitation, atomistic simulations were able to reveal critical structural
changes within the Ta based clusters which remained mostly (although not fully)
coherent with the Cu matrix, see Figure 6. Since the clusters were initially created and
statically relaxed at T = -273 °C/0 K when the lattice misfit was large, they were never
perfectly coherent. Due to the partial loss of coherency, part of the initial FCC structure
of the cluster always transformed to BCC and other structural forms (Figure 7a). In small
clusters (e.g., with the radius of 1.5 nm), the fraction of the FCC structure was found to
increase with temperature while the fraction of the BCC structure decreased. By contrast,
in larger Ta clusters, most of the initial FCC structures transformed to BCC already
during the static relaxation (Figure 7b). This resulted in nearly complete loss of
coherency and during the subsequent high-temperature anneals, in which the fraction of
the BCC structure in the cluster increased. The effects of the phase change on the
behavior of the alloy and detailed analysis will be included in a follow up article.
However, one important observation was that the loss of coherency was accompanied by
emission of dislocation loops into the Cu matrix as illustrated in Figure 7c. Note the
dislocation splitting into partials separated by a stacking fault. In Figure 7c, the FCC Cu
atoms were removed for clarity. It is well known that a coherent nanocluster can lose
coherency once it grows above a critical diameter. This happens when the elastic energy
with the coherent nanocluster becomes large and it is energetically favorable for a
dislocation to form at the matrix-nanocluster interface, see experimental Figures 7d and
7e. The generation of such dislocations is easier for an incoherent nanocluster in
comparison to a coherent nanocluster. This dislocation raises the free energy of the
system to an amount which equals to its formation energy but this increase in energy is
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compensated by the decrease in the self-energy of the nanocluster. Due to the presence of
the misfit strain around nanocluster, the pinning-depinning of propagating dislocations
during the deformation with in the matrix will be hindered (Van Swygenhoven, Derlet,
and Fraseth 2006b). This hindrance will have a direct consequence on the mechanical
behavior. Hence, the change in coherency can be linked to the change in mechanical
properties (Alavudeen, Venkateshwaran, and Jappes 2006; Ashby, Bullough, and Hartley

2013).

Figure 7: Cross sections of Ta clusters with a diameter of (a) 3 nm and (b) 7 nm at 426 °C
(700 K). Ta atoms in FCC and BCC environments are shown in green and blue. The grey
atoms represent other structural environments; (c) dislocation loops emitted by the Ta
particle with d = 7 nm at 426 °C. Note the dislocation splitting into partials separated by a
stacking fault. The FCC Cu atoms were removed for clarity. (d) HRTEM and (e) IFFT
image of a semi-coherent particle with d = 5.0 + 0.035 nm at 400 °C with misfit
dislocations highlighted in yellow (The scale bar is identical for d and e and corresponds
to 2 nm) (M. Rajagopalan et al. 2017).
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Strength and stability of an alloy at elevated temperatures is controlled by not
only the global microstructural changes but also the local changes in the microstructure.
The high strength in alloys is influenced by the retention of the grain size as well as the
nature of the particle-matrix interface (in our case, Ta nanocluster - Cu matrix) with the
increase in temperature. To examine the effect, the compressive flow stress of the alloy at
various temperatures was inspected. The flow stress was extracted at 10 % strain from the
stress-strain response of samples subjected to quasistatic compression tests at 0.1 /s strain
rate. The flow stress was found to decrease with the increase in temperature. It is critical
to note that even the high-temperature of 400 °C (0.5 Tr,) the flow strength is on par with
pure NC Cu composed of 20 nm grain tested at room temperature (Saber et al. 2013b)
and the strength at 400 °C for NC Cu-10 at. % Ta is 24% higher in comparison to the
data reported for NC Cu (d = 32 nm) sample tested at 250 °C (Farrokh and Khan 2009a).
This is understandable because the Ta nano-clusters distributed along the GBs and the
matrix is believed to be responsible for the exceptional thermal stability and mechanical
strength. That is, the stability arises from the nanoclusters that pin the grain boundaries
by the Zener mechanism, thereby preventing significant grain coarsening and the strength
arises from the endurance of the nanoclusters to dislocation motion and activation of
twinning based mechanism (Koju et al. 2016; Manohar, Ferry, and Chandra 1998; M.
Bhatia et al. 2016). Figure 8 highlights once such region in the sample at RT and at 0.5
Tm where a dense distribution of nanoclusters can be identified along the matrix and the
GB. This observation confirms the presence and the interaction between the grain
boundaries and the Ta nanoclusters that is responsible for the unique stability and
strength exhibited by the alloy, also see (Koju et al. 2016).
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Figure 8: TEM bright field images in the (a) as-received condition and (b) 400 °C for NC
Cu-10 at. % Ta alloy. The distances between large Ta particles, Ta nanocluster (P) and
GB is highlighted for both the conditions. There is a significant Ta nanoclusters pinning
the GB at both the conditions validating the Zener pinning theory (Koju et al. 2016) (M.
Rajagopalan et al. 2017).

To address the reasoning behind the change in flow strength, the change in flow stress
as a function of average misfit strain at the interface of the high density of nanoclusters
and the matrix was probed. Figure 9 indicates the flow stress values plotted against the
average misfit strain of the Ta nanoclusters-matrix interface in NC Cu-10 at. % Ta
processed at 700 °C for three levels of temperature. The variation in flow stress was

found to be strongly correlated with the average misfit strain, with high flow stress values

observed at the RT which decrease with the decrease in misfit strain values. Other typical
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contributions to thermal softening including microstructural coarsening (Cu grain size
and Ta based cluster) and changes in the elastic modulus may be excluded as their
contributions are negligible over the given testing temperatures (24 - 400°C). The higher
the coherency, the lower the misfit lattice strain and the lower the flow stress as the strain
field surrounding the Ta based clusters decreases and interactions with dislocations
become less prominent., i.e., the pinning-depinning of propagating dislocations during
the deformation within in the matrix will be less hindered as the coherency increases
(Van Swygenhoven, Derlet, and Frgseth 2006b). Additionally, as temperature increases,
normal particles undergo coarsening and transition from a coherent to semi-coherent to
incoherent state and strength is lost due to over-aging. In this case the particles gain
coherency and at high enough temperatures may be more easily bypassed. However, in
this class of materials, a significant coherency strain is retained (~4%), thereby providing
significant resistance to high temperature deformation. This is identical with the data
reported for superalloys, where lattice mismatch and coherency at the y/y’ interface
determines the resistance for dislocation propagation ultimately leading to superior
thermal and mechanical properties for the superalloys (J. X. Zhang et al. 2005). Overall,
the mechanical response of the NC Cu-10 at.% Ta alloy is still remains greater than all
known NC metals and alloys. Further, the NC Cu-10 at.% Ta alloy exhibits negligible
grain growth, which deviates from the conventional trend, thus resulting in a kinetically

stable material with a superior flow strength even at 0.5 Tp,.
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Figure 9: Flow stress as a function of average misfit strain of the Ta nanoclusters in NC
Cu-10 at. % Ta processed at 700 °C. The flow stress was extracted at 10 % strain from

the stress-strain response of samples subjected to quasistatic compression tests at 0.1 /s
strain rate (M. Rajagopalan et al. 2017).

3.4 Conclusions

In this work, in-situ TEM heating experiments, atomistic modeling along with
elevated temperature compression tests on a thermally stabilized nanostructured Cu-Ta
alloy (Ta = 10 at. %) was used to probe and assess the microstructural manifestations
caused by heat and/or changes in temperature. The results shows that the thermal stability
achieved with this NC Cu-10 at.% Ta diverges from those observed for conventional
coarse-grained metals as well as other NC metals. While the average grain size was
estimated to increase only by 12% for Cu phase, the full width half maximum values
indicate an increase of only about 4% for Cu grain and 10% for Ta nanoclusters at 0.5
Tm. This suggests that the alloy was resistant to coarsening and there was no significant

shift in the size distribution. From a practical perspective, the small increase in grain size
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does not manifest a perceivable change in the mechanical properties as given by current
Hall-Petch assessments of NC Cu. Therefore, macroscopically, the microstructure (Cu
grain and Ta based cluster size) of NC Cu-10at% Ta was morphologically stable in shape
and scale. However, local structural changes at the interface between the Ta based
clusters and the Cu matrix have been observed. The lattice misfit between the Ta clusters
and the matrix tends to decrease at high temperatures, promoting better coherency. In
other words, the misfit strain was found to decrease monotonically from 12.9% to 4.0%
with increase in temperature, leading to a significant change in flow stress, which
remains greater than for all known NC metals. Overall, the evolution of such fine

structures is critical the thermal-mechanical properties of this alloy.
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CHAPTER 4

4 DESIGN AND SYNTHESIS OF ARCHETYPE ADVANCED MATERIALS WITH

ANOMALOUS MECHANICAL BEHAVIOR UNDER EXTREME ENVIRONMENTS

4.1 Introduction

The relationship between grain size and strength suggests that with the decrease in
grain size, the yield strength increases as defined by Hall-Petch relation. Due to which
nanostructured metals (with grain sizes less than 100 nms) have garnered significant
attention in the last few decades owing to their superior properties. Although NC
materials are good contenders for many functional and structural applications
theoretically, the practical application is plagued by the inability to withstand strengths
over a range of service temperatures. Therefore, synthesizing nanocrystalline (NC)
materials with microstructures that combats instability at elevated temperatures is one of
the most fundamental issues in materials science as the microstructure predominantly
influences the thermo-mechanical response of materials. For example, pure NC-Cu grains
grow rapidly to the micron-scale at 100 °C (Huang, Menovsky, and De Boer 1993; Sonia
Sim0es et al. 2008; S. Simdes et al. 2008). Here, we demonstrate a new methodology to
synthesize materials with tunable microstructures that are capable of withstanding very
high stresses and temperatures, atypical of current generation nanomaterials and in par
with structural materials in service. One obvious approach to improve the performance of
NC materials is to minimize the delirious effect of grain growth through solute addition.

However, the effect of these solutes on the deformation and behavior over a range of
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temperatures is rarely explored. Therefore, the current strategy explores the potential of
creation of such nanocrystalline materials for structural components.

Microstructural stability through solute segregation (or Kinetic stability) is expected
to have implications on the mechanical properties of materials. Here, we examine the
potential of the concept, through a methodology that leads to the creation of bulk
immscible material systems exploiting high-energy mechanical alloying and super-plastic
deformation consolidation techniques such as equal channel angular extrusion. The
synthesis of such multi-phase materials with a controlled density and size of nanocluster
dispersions will serve as a road block for grain boundary migration. This ultimately will
yield a material with promising combination of properties including elevated temperature
dynamic strength and the process will also exercise control over the long-standing
problem of thermal and mechanical instability. Furthermore, this inexpensive route favors
mass-production that warrants commercial success of these super-strong materials.

It is demonstrated here that one such nanostructured binary phase material NC-Cu-
10at.%Ta, achieves/retains strength that approach the values unlike any other pure NC or
UFG structural material under extreme conditions. That is, yield and flow strength
values of 600 MPa and 1.1 GPa at strain rates of 1 s™* and 4,000 s, respectively, were
observed under a homologous temperature of 0.64 Tm (600 °C). The strength stems from
the retention of nanocrystalline grain structure and presence of unique nano-clusters
distributed homogeneously along the grain interiors and the boundaries. Furthermore, by
controlling the density and size of these nanoclusters, the strengths close to theoretical
limits can be achieved in these alloyed nanomaterials. This paves the way for
revolutionizing structural materials field.
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The alloy, NC Cu-10 at.% Ta, is produced through high energy ball milling followed
by equal channel angular extrusion (ECAE) (M. Atwater and Darling 2012; K. A.
Darling, Tschopp, VanLeeuwen, et al. 2014b; Kris A. Darling, Mathaudhu, and Kecskes
2012), (referred to herein as NC Cu-Ta). See the methodology section of Chapter 5 for
details regarding processing procedures. The resultant billet consists of a binary structure
of Cu and Ta nanometer sized grains. Importantly, the formation of these alloys rely on
the thermal decomposition of non-equilibrium solid solutions and the formation a high
density of coherent/semi-coherent Ta based atomic clusters. Preliminary TEM
observations Cu has an average grain size of 50 nm, Ta has distinct distributions ranging
from small atomic clusters which are embedded in the Cu to larger diameter particles. A
range of deformation temperatures is used to specifically investigate the strain rate
sensitivity and activation volume as a function of temperature, e.g. the signatures of the
rate-limiting thermally activated deformation mechanisms accommodating the plastic
flow at temperature. The isolation of factors contributing to deformation is complicated
by the fact that extensive coupling of the various microstructural features occurs in these

materials.

4.2 Methodology

Quasi-static tests were performed on an Instron load frame equipped with a 50 kN
load cell and ATS clam shell furnace capable of reaching temperatures up to 1,200 °C.
Tungsten carbide inserts were placed between the specimens and 718 Inconel extending
rods. Specimens of 3 mm in diameter and 3 mm in length were compressed in at strain
rates of 8 x 10%, 1 x 10%, 1 x 102 1 x 10?, and 1 s™ and temperatures of 298 K, 473 K,

873 K, and 1073 K. A thermocouple embedded in the 718 Inconel rod was used to
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measure the temperature of the specimen. The specimens reached temperature within 30
minutes and were held at temperature for 30 minutes to ensure uniform temperature
throughout the specimen before testing.

High strain rates were attained using a 12.7 mm diameter, 718 Inconel Kolsky bar.
The Kolsky bar uses three rods of the same diameter and material to measure the stress-
strain response of a material. These are the striker bar, incident bar, and transmitted bar.
The striker bar impacts the incident bar generating a strain pulse which travels to the
specimen sandwiched between the incident and transmitted bars. When the incident pulse
hits the specimen, it splits into a reflected pulse and a transmitted pulse. The reflected
pulse measured in the incident bar provides information on the strain in the specimen
while the transmitted pulse measured in the transmitted bar provides information on the
stress observed by the specimen. Further details of the Kolsky bar test method can be
found in the work by Gamma et al.(Gama, Lopatnikov, and Gillespie 2004).

Elevated temperatures were applied using a tube furnace capable of reaching 900 °C
placed around the specimen and ends of the Kolsky bar. Correction for the thermal
gradient was applied.

As-received and post-deformed microstructures were characterized using JEOL-
2010F, and ARM-200F operated at 200 Kilovolts. Samples for TEM characterization
were prepared using conventional thinning procedures where 3 mm disc was punched out
from the bulk sample, and subjected to grinding to 100 pm thickness. Dimpling was done
to reduce the thickness to around 5 um followed by ion-milling with Precision lon
Polishing System at liquid nitrogen temperatures (-195 °C) to obtain electron transparent
regions.
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4.3 Results and Discussion

The strength evolution of the NC-Cu-10at.%Ta alloy in comparison to the other
major NC and UFG metal systems is shown on the Ashby plot of strength (yield strength
for quasistatic tests and flow stress for high strain rate conditions) versus temperature in
Fig. 10. The yield strength is extracted at 0.2% offset whereas flow stress was extracted
10%. The upper and the lower bounds for the contour correspond to the stress response
within the strain rate limits. The strength at 200 °C under compression was found to be
790 MPa and 1160 MPa for a strain rate of 0.001 s™ and 4000 s™. These translate into a
fraction of 64 % and 88 % of strength at RT. At even more intense conditions, this alloy
demonstrates strength of 20 MPa at 1000 °C (0.001 s™). In contrast, conventional NC
materials such as NC Cu exhibit a strength of 780 MPa at RT and 565 MPa at a rather
low temperature of 250 °C which is only 0.38 T, (Farrokh and Khan 2009b). In fact, the
temperatures at which the current generation NC materials are tested can be deemed low
as the service temperatures for the operation of structural components are significantly
higher. From Fig. 10, it is evident that rate of decrease of stress with the increase in
temperature is drastic with trend similar to exponential decay for conventional NC and
UFG materials. However, NC Cu-10at.%Ta exhibits a higher resistance to the influence

of temperature which is contrary to the conventional theory.
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Figure 10: Strength at temperature versus applied temperature for NC and UFG metals
and alloys. Yield strength and flow strength for NC-Cu-10at.%Ta’s data along with NC
and UFG data reported in the literature at (a) quasistatic and (b) high strain rates. The rate
of change of strength with temperature is lower for NC-Cu-10at.% Ta as compared to
other NC materials reported. NC Cu and Al from (Farrokh and Khan 2009b), UFG Cu
from (Suo et al. 2013), UFG Al from (Sun et al., n.d.), UFG Al alloy from (Witkin, Han,
and Lavernia, n.d.),NC Al alloy from (Shaw and Luo 2007), CG W from (Lennon and
Ramesh 2000), CG Ti from (Lee and Lin 1998), Single crystal Ni-Al from (Ball and
Smallman 1966), and CG Ni superalloys from (Yamashita and Kakehi 2006).

The plastic deformation in nanocrystalline materials occurs either through
deformation twinning or dislocation slip. Studies have indicated that GBs serve as the
origin for nucleation and provide a point for storing and the annihilation/absorption of
dislocations after they transverse the grain under an applied stress. These GBs are also
responsible for pinning the dislocations ultimately obstructing their motion by strongly
influencing when and where cross-slip can occur and by increasing the energy to unpin
and move across to the neighboring grains (Schigtz and Jacobsen 2003b; Van

Swygenhoven, Caro, and Farkas 2001; Swygenhoven and Caro 1997; Van Swygenhoven,
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Derlet, and Hasnaoui 2002). Quasistatic and high strain rate testing are fundamentally
different processes, so the plasticity accommodation will be inherently different. To
investigate the active deformation mechanisms and the reasoning behind the high
temperature and stress response in these alloys, ex-situ microstructural characterization
was also employed. In general, the emission of partial and full dislocations are competing
mechanisms and their activation depends on the stress levels. From TEM observations, an
appreciable dislocation density can be identified for quasistatic testing conditions
implying the absence of dislocation absorption. In case of conventional nanocrystalline
materials, grain boundaries act as source for dislocation generation which then runs
freely and absorb at the opposite grain boundary sink. Here, the dislocations are emitted,
interact with the high density nanoclusters and are pinned at various sites thereby
reducing the mean free path for the propagation of the dislocations. The motions of
dislocations are restricted and there exists a stress required to un-pin for the motion to
resume. The other scenario includes the dislocation emission from the grain boundary,
which travels to the opposite side and leaves behind two sides. The propensity of
dislocation slip increases with the increase in testing temperature which helps in
overcoming the energy barrier required for dislocation based activity in these systems.
However, the mean free path for the dislocation motion is dependent on the grain size and
density of the nanoclusters that are embedded in the material system. In case of high
strain rate conditions, nucleation of partial dislocations is favored at RT due to the high
applied stress which surpasses the barrier for twinning based deformation. This can be
identified from the micrographs indicated in Fig.11 where twins with narrow widths can
be identified. The growth of the twins is restricted due to the presence of Ta nanoclusters
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in Cu-10 at.% Ta. However, at elevated temperatures the deformation shifts from twin

based to dislocation where the thermal energy favors the dislocation slip.

Figure 11: Microstructural characterization of post-deformed NC-Cu-10at.%Ta tested at
various strain rates. Micrographs of NC-Cu-10at.%Ta (green circles), NC Cu (red
circles), and CG Cu (black circles) corresponding to (a) quasistatic testing, and (b) high-
strain rate testing highlighting the effects of temperature and strain rate on the
deformation. The shift in deformation from twin based to slip dominated for high-strain
rate testing is evident from the micrographs with the increase in temperature. Quasistatic
testing results in slip based deformation at both RT and 600 °C. Ta nano-clusters are
responsible for pinning the grain boundaries and dislocations imparting stability and
strength.
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Also, the stability of the Cu grains remains intact owing to the stability of the high
density of coherent nanoclusters present in the microstructure (Fig. 12 and 13). The
number distributions reveal that the increase in grain size increases from 48.5£16.1 nm in
as-received condition to 83.3 + 29.16 nm at 0.01 s tested at 600 °C (0.64 Ty). Likewise,
average grain size was observed to be 80 + 39.93 nm post-600 °C and 4000 s™ high-strain
rate testing conditions. The relative size of the nanoclusters were also constant with the
application of stress and temperature highlighting the ability to resist coarsening. Further,
these nanoclusters pin the grain boundaries through Zener pinning mechanism thereby

arresting diffusion which is responsible for grain growth (Fig. 12).
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Figure 12: Grain size distribution of Cu and Ta nanoclusters obtained from as-
received and quasistatic tested samples (at 0.01 s™). (a) The distributions indicate
nominal increase in grain size for Cu with majority of the grains in the nanocrystalline
regime. (b) Ta nanoclusters also exhibit stability with temperature. (c-d) Gaussian
distributions confirm that the distributions do not shift significantly indicating negligible
grain coarsening.
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Figure 13: Grain size distribution of Cu and Ta nanoclusters obtained from as-received
and high strain rate tested samples (at 4000 s™). (a) The distributions indicate nominal
increase in grain size for Cu with majority of the grains in the nanocrystalline regime. (b)
Ta nanoclusters also exhibit stability with temperature. (c-d) Gaussian distributions
confirm that the distributions do not shift significantly indicating negligible grain
coarsening.

Furthermore, these nanoclusters contribute towards strengthening which can be
identified from the micrographs highlighting the interaction between the dislocations
responsible for accommodating plasticity at elevated temperatures and nanoclusters (Fig.

11). The dislocations appear to bow owing to the strong interfacial bond between the
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nanoclusters and the Cu matrix. The interaction between the nanoclusters and dislocation
reflect on the strength at various temperatures. Although these Ta-rich nanoclusters are
considered spherical, interesting shape variations of the nanoclusters were identified
through high-resolution transmission electron microscopy as well as bright field and high
angle annular dark field scanning transmission electron microscopy. Fig. 14 indicates the
different morphologies of the nanoclusters obtained from TEM as well as the atom probe
data. Some coherent clusters appear to have strong diffraction spots confirming their
crystallinity whereas others have distorted/ hollow ring like features which points to a
plausibility of non-crystalline components in these structures. For instance, Fig. 14a
illustrates a conjoined nanocluster of a completely crystalline nanocluster sharing an
interface with another nanocluster with amorphous content. Fig. 14 b highlights one
completely crystalline nanocluster whereas Fig. 14c and d represent shell type
nanoclusters where the shell is Ta-rich and contrast variation between the shell and core
supports the likelihood of defects present in the core. These nanoclusters are expected to
pin the grain boundary at various conditions of stress and temperature. The pinning is
responsible for imparting the extraordinary strength and stability in these alloys as

verified by the atomistic simulations (Koju et al. 2016).
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Figure 14: Characterization of the Ta-rich nanoclusters responsible for the unique
stability and strength in the immiscible based alloy systems. (a) High Angle Annular
Dark Field (HAADF) image of disordered-ordered nanocluster where one part exhibits a
high degree of crystallinity and the other exhibits a disordered structure, (b) High Angle
Annular Dark Field (HAADF) image of perfectly crystalline nanocluster, and High
Resolution Transmission Electron Microscope image of (c-d) core shell type nanoclusters
with a crystalline shell being rich in Ta, and the core consisting of defects such as
vacancies (d from (K. A. Darling et al. 2016a)) .

4.4 Conclusions

We conclude that the binary NC Cu-Ta alloys displays remarkable mechanical
strength at even temperatures over 0.5 T, (melting temperature = 1356 K). The alloy has
strength levels that are comparable to Ni superalloys. Furthermore, these alloys have
outstanding combinations of strength and stability under extreme testing conditions such
as high strain rate as well as creep. These unique combinations of properties draw our
attention to the unique nano-clusters which control deformation and thus, deem these

materials as excellent candidates for high temperature applications. This opens up the
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prospects of achieving super-strong alloys through tailoring the microstructure of any
structural metal such as Ni with such nano-structures which will push the envelope of

performance of current generation alloys towards theoretical limits.
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CHAPTER 5

5 EXTREME CREEP RESISTANCE IN A MICROSTRUCTURALLY STABLE

NANOCRYSTALLINE ALLOY

5.1 Introduction

Over the past 50 years, the reduction or elimination of intrinsic topological defects
(grain or cell boundaries) has been central to the design of creep-resistant materials.
Current designs enhance high-temperature creep performance through the use of single-
crystal alloys, for example, nickel-based, single-crystal superalloys (Giamei 2013; Reed
2008). Nano-grained materials with grain sizes 7-8 orders of magnitude smaller than, and
grain-boundary volume fractions 5-6 orders of magnitude higher than, the currently used
single-crystal superalloys have never been considered viable for high-temperature creep
applications. Moreover, nanocrystalline metals exhibit microstructural instability, that is,
grain growth via diffusional processes such as diffusional creep, sliding and rotation, at
moderately low and even room temperatures, sometimes in combination with
deformation (Mohamed and Li 2001; Meyers, Mishra, and Benson 2006; Choi et al.
2013). Consequently, previous creep studies on nanocrystalline metals have reported
creep-stress exponents of 1-3 resulting from grain-size effects on diffusional (Coble)
creep (Mohamed and Li 2001).

Contrary to conventional wisdom, a divergent, bulk nanocrystalline copper—tantalum
alloy (10 atomic per cent (at%) tantalum; hereafter Cu—10 at% Ta was developed, that is
able to achieve and retain high strength and creep resistance at a high homologous

temperature of 0.64T,, = 600 °C (where Ty, is the melting temperature of the matrix),
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owing to its unique microstructural architecture. Initially synthesized through high-
energy ball milling and subsequently consolidated via equal-channel angular extrusion
(ECAE), the as-processed microstructure consists of a copper matrix with an average
grain size of 50 £ 17.5 nm and tantalum based particles that range in size from atomic
nanoclusters (average diameter of 3.18 + 0.86 nm) to much larger precipitates (average
diameter of 32 £ 7.5 nm). (For a macroscopic view of the microstructure and additional
processing details, see Methods). It has been shown that such ranges in particle size give
rise to an extremely stable microstructure; as compared to pure nanocrystalline copper,
which exhibits rapid grain growth to the micrometre scale at only 100 °C (Huang,
Menovsky, and De Boer 1993), Cu—10 at% Ta powders maintain a mean grain size of
167 nm after annealing at 1,040 °C for 4 h (K. A. Darling, Tschopp, Guduru, et al. 2014).
N This highly stabilized microstructure could give rise to unusual combinations of
mechanical properties, such as creep resistance under extreme conditions (high stress and

temperature).

5.2 Methodology

5.2.1 Powder processing and consolidation via ECAE

For the preparation of nanocrystalline (NC) Cu-10 at % Ta powder, the powder
was generated through high-energy cryogenic mechanical alloying. The desired
composition was obtained by loading elemental Cu and Ta powders (—325 mesh and
99.9% purity) into a hardened steel vial along with the milling media (440C stainless
steel balls) inside a glove box with an Ar atmosphere (oxygen and H,O are <1 p.p.m.).

The vials were loaded with 10 g of the Cu—Ta powder as well as the appropriate amount
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of media to ensure a ball-to-powder ratio of 5:1 by weight. A SPEX 8000 M shaker mill
was used to perform the milling at cryogenic temperature (verified to be about —196 °C)
for 4 h (14.4 ks) using liquid nitrogen. To ensure the vial remained at cryogenic
temperature, a thick polymer sleeve was retrofitted to fit around the vial in the SPEX mill
with an inlet and outlet vent to flow the liquid nitrogen. Before starting the milling
process, the vial was placed in the polymer sleeve with the liquid nitrogen flowing for
approximately 20 min (1.2 ks) to ensure the vial approached —196 °C. Once the milling
was completed, the vials were placed back into the glove box, opened and stored. This
milling procedure was performed until 100 g of NC Cu-10 at% Ta powder was
generated. The resulting powder after cryogenic mechanical milling was an
unagglomerated mass of powder with particulates ranging in size from about 20 um to

100 pm.

For consolidating the NC Cu-10 at% Ta powder to bulk, equal-channel angular
extrusion (ECAE) was selected as the consolidation process. Billets of Ni 201 with
dimensions of 25.4 mm x 25.4 mm x 90 mm had cylindrical chambers with diameters of
10 mm and lengths of 50 mm made within them for housing the powder. The powder was
loaded into the chamber followed by press-fitting a Ni 201 plug into the open end to seal
the chamber. Both of these steps were performed within the glove box. Before starting
the ECAE process, the die assembly used for processing the billets was preheated to
350 °C to minimize thermal loss during the ECAE processing. Additionally, the billets
containing the powder were held at 700 °C in a box furnace purged with Ar for 40 min
(2.4 ks) to ensure that they reach the desired extrusion temperature. The heated billets

were dropped into the ECAE tooling as quickly as possible from the furnace and extruded
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at an extrusion rate of 25.5 mm s*. This step was repeated four times following route
‘B¢’ to prevent imparting a texture to the consolidated powder. As a result of the
extrusion channel having an angle of 90°, a total strain of 460% was imparted onto the
powder-containing billet as a result of processing. The creep specimens were then
machined from these billets, within the region containing the consolidated powder, via a
wire electric discharge machine. Finally, SEM imaging confirmed the creep specimens to
be fully consolidated after the ECAE process with no porosity or as-milled particle
boundaries being present. Note that a change in processing conditions or steps, such as in
ECAE process temperatures, will result in different microstructural statistics such as
grain-size distributions; however, as shown previously, the nanocluster density depends
mainly on the Ta concentrations, which are the primary features resulting in an enhanced
creep behaviour.
5.2.2 Mechanical characterization at creep conditions

Compressive cylindrical creep experiments were performed using a 2320 series
lever arm creep tester (Applied test systems) with a 5:1 lever arm ratio. Both the diameter
and the height of the cylindrical creep specimens were about 3 mm. The specimens were
kept at the centre of a 3210 series split tube furnace to maintain a constant temperature
across the sample height. A heating rate of 200 °C h™* and a soak time of 0.5 h was used
for the creep tests. For the best temperature measurement and control, a thermocouple
was always wrapped around the creep specimens to maintain good contact. An ST 1278
incremental length gauge with £1 um accuracy was used to measure the conventional
creep strain. The compression creep experiments were conducted in air at 873 K and with

fractions of 0.45, 0.50, 0.55, 0.60 and 0.65 of the yield stress, at 773 K and with fractions
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of 0.70, 0.75 and 0.80 of the yield stress, and at 673 K and with fractions of 0.70, 0.80,
0.90 and 1.00 of the yield stress. The specimens were first coated with a thin layer of
boron nitride for lubrication and then placed between the compression platens. Creep test
temperatures were attained at a constant heating rate followed by soaking at the set
temperature (for 0.5 h) to avoid the temperature fluctuation during the test. After the
soaking stage, the loading begins automatically, followed by the start of the creep test.
These tests were typical constant-force tests. All the creep data were recorded from the
test start to finish. Further, specimens did not reach failure because tests were stopped
before the strain rate exponentially increases with stress (before the tertiary creep
domain), and our primary objective was to characterize the secondary creep rates. For
most of the creep tests, the total strain values did not exceed about 6%. All the crept
samples were quenched in water immediately after unloading to preserve the crept
microstructure. The physical dimensions of the crept samples were measured after the
test and compared with the extensometer measurements. Note that the stress was
determined after the test by taking into account the amount of strain. Further, during
initial loading to a desired constant creep load of the test specimen can include both
elastic and plastic strains. The minimum creep rate was calculated from the slope of the

curve of conventional creep strain versus time.

5.3 Results and Discussion

Compression creep tests were conducted over a wide range of applied stress and
temperature conditions (see Methods Section), as shown in Fig. 15. The compression—
creep-strain evolution curves shown in Fig. 15a consist of the primary creep region,

where the creep strain rate decreased with time, and the secondary creep region, where
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the creep strain rate remained at steady state. The steady-state creep rates in
nanocrystalline Cu-10 at% Ta were all found to be less than 107°s™” at various
homologous temperatures between 0.5T,, and 0.64T,, under a stress of 1.2%-0.85% of
the shear modulus. Note that the creep rates reported for nanocrystalline Cu-10 at% Ta
are minimum creep rates. The upper and lower fractions of the shear modulus equate to
stress values of 576 MPa and 319 MPa, respectively, which represent 90% and 65% of
the at-temperature (400 °C and 600 °C) yield strength. The yield stress values at various
temperatures were quantified using a series of quasi-static compression tests with a strain
rate of 8 x 10™*s™*. To further demonstrate the improvement in the creep resistance, a
creep test was performed under 100% of the yield stress at 0.5T, (400 °C), which

-8 Sfl

resulted in a creep rate of 5.3 x 10 . By contrast, at a rather low homologous

temperature—0.4T, or 275 °C, for example—a creep rate of 10 s was reported for an
applied stress of 0.12% of the shear modulus (57 MPa) with an average grain size of
25 nm in pure nanocrystalline copper (Mohamed and Li 2001). As compared to pure NC-
Cu, NC-Cu-10at.%Ta at 1.5 to 2 times higher temperature and an order of magnitude
higher stress has 6-8 orders of magnitude lower & (Atul H. Chokshi 2009). Such a
response is reminiscent of, and more comparable to, that of the creep performance
achieved by advanced single-crystal nickel-based superalloys (creep rate of about
107% s™)(Pollock and Tin 2006).

In general, creep in nanocrystalline materials has been reported to follow the Coble
creep mechanism (Coble 1963), whereby creep occurs through the transport of vacancies

along grain boundaries (Ashby 1972; Coble 1963) with a low stress exponent (of the

order of 1-3) (Atul H. Chokshi 2009; Mohamed and Li 2001). On the other hand, our
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nanocrystalline Cu—10 at% Ta alloy exhibits stress exponents that are substantially higher
than those associated with the diffusional-creep- and grain-boundary-related mechanisms.
Therefore, the creep resistance achieved with our nanocrystalline Cu—10 at% Ta alloy

outperforms most nanocrystalline materials.

Figure 15: Creep response of NC-Cu-10at.%Ta. (a) Creep strain versus time curves for
various applied temperatures and constant stress conditions, and (b) theoretical
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deformation mechanism map of a NC-Cu with an average grain size of 50nm along with
recently published experimental creep rates (Mohamed and Li 2001) in NC-Cu and Ni
are plotted in stark comparison to this work on NC-Cu-10at.%Ta. The theoretical
constant Coble creep rate lines for a grain size of 50nm (green and blue circles) are also
provided (K. A. Darling et al. 2016a).

To comprehend this improvement in creep resistance, a compilation of experimental
and theoretical creep-rate data for various nanocrystalline materials is presented on an
Ashby-type deformation mechanism map (Ashby 1972) in Fig. 15 b, which was derived
on the basis of creep constants for nanocrystalline copper with a mean grain size of

50 nm (see (Ashby 1972) and Methods). Experimental creep-rate data from
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nanocrystalline metals such as copper (25-nm grain size) and nickel (40-nm grain size
(Mohamed and Li 2001) along with the theoretical, constant, Coble creep-rate lines for
copper with an average grain size of 50 nm (green and blue circles in Fig. 15). The
reported creep properties of nanocrystalline copper and nickel fall within the Coble
region. This is mainly due to grain-boundary diffusional processes: that is, vacancy
diffusion and self-diffusion in copper and nickel, occurring through both the grain
boundaries and the lattice are faster at elevated temperatures and, hence, the diffusional
creep controls the creep behaviour (Atul H. Chokshi 2009). Therefore, in these
conventional nanocrystalline copper and nickel metals, the grain coarsening creates
powerful Kinetics that constantly evolves the microstructure. By contrast, the creep rates
of our nanocrystalline Cu-10 at% Ta show a marked departure from convention, with the
measured creep rates primarily in the dislocation—climb region (as shown by the triangles
in Fig. 15 b). In other words, the diffusional creep processes have been suppressed (or

were absent) in our nanocrystalline Cu-10 at% Ta alloy.
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Figure 16: TEM characterization of Ta-based nanocluster in as-received NC-Cu-
10at.%Ta (a) the bright-field STEM (BF-STEM) image highlighting the high number
density of nanoclusters of various sizes. The colored arrows are used to designate the
sizes of the different coherent/semi-coherent nanoclusters (red arrows ~1nm, yellow
~2.5nm, green > 4nm radius). (b) HAADF-STEM image accentuating Ta-rich clusters
based on Z-contrast and (c) higher magnification of the same. The BF-STEM (d)
highlighting the core-shell structure of the nanocluster. (e) Inverse Fast Fourier
Transform (FFT) image highlighting the threading dislocations and half plans between
the matrix semi-coherent clusters. (f) 3nm particle residing at a high angle GB (K. A.
Darling et al. 2016a).

To understand the observed enhancement of the creep property, we turn our attention
to the large number (density of 6.5 x 10%* m~®) of coherent or semi-coherent (diameters of
1-4 nm) nanoclusters (see Figs. 16a-b). These small nanoclusters have a core-shell-type
structure that can be seen in Figs. 16b-c, which shows that the contrast within and across

the individual nanoclusters varies, indicating a compositional gradient. In addition, the

High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-
64



STEM) image (Fig. 13b) points to the shell portion of the particle being tantalum-rich,
with the core generating less contrast, possibly owing to an element with a lower atomic
number or to structural defects that would not generate contrast (such as vacancies). The
High Resolution Transmission Electron Microscopy (HR-TEM) image of the nanocluster
(Fig. 13d) provides further evidence that the loss in contrast could be partly due to the
presence of vacancies within the core region. The inverse fast Fourier transform image of
one such nanocluster is shown in Fig. 16e. Note the distortion of the lattice as it
approaches and enters the nanocluster, with the yellow arrows indicating the insertion of
extra half planes of atoms into the lattice to minimize distortion. Finally, Fig. 16f shows a
HR-TEM characterization of semi-coherent bonding between the nanocluster and the
copper matrix at a high-angle (93°) grain boundary with an average misfit strain of 5.8%,
indicating strong interfacial bonding that can lead to enhanced mechanical properties.
Quasi-static and dynamic strengths of greater than 1.2 GPa have previously been
measured for the nanocrystalline Cu—10 at% Ta alloy (see previous chapter); these
strengths are greater than double that predicted by Hall-Petch hardening for
nanocrystalline copper and presented with an apparent linear temperature dependence of
flow stress(K. A. Darling et al. 2015b). Similarly, core-shell type nanoclusters have
recently been reported in ODS ferritic alloys (Hirata et al. 2011) and Mo-alloys (G. Liu et
al. 2013), and are responsible for the excellent strength and ductility therein.

To understand the underlying mechanisms of creep resistance and to determine the
enhancement of the creep property induced by the nanoclusters, atomistic simulations and
post-HR-TEM characterizations were performed (See Fig. 17). First, the HR-TEM
characterizations of post-deformed creep samples (at 600 °C and 50% vyield stress) were
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performed, as shown in Fig. 17. The stability of the nanoclusters, which is crucial for
enhanced properties, can be seen in Fig. 17b as the coarsening rate of nanoclusters during
creep at elevated temperatures is negligible, which is mainly owing to coherency of such
dispersions. Further, due to highly stabilized nanoclusters, the bowing of the GB as the
boundary interacts with numerous nanoclusters can clearly be identified in a high
resolution BF-STEM image of the post-creep sample, as shown in Fig. 17c. That means
clusters located at GBs are likely to increase the barrier strength for both GB sliding and
rotation, both of which are crucial creep mechanisms in NC-metals. In addition, the
nanoclusters pin the GBs, i.e. Zener pinning(Manohar, Ferry, and Chandra 1998), thereby
preventing significant grain coarsening, which is consistent with the atomistic
calculations (Figs. 18a-b). Here, atomistic simulations were performed using a molecular
dynamic code LAMMPS (Plimpton 1995) along with an embedded atom potential (Pun

et al. 2015) (see Methodology section).
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Figure 17: TEM images showing the microstructures and grain distributions indicating
stability in NC-Cu-10at.%Ta after creep testing. Number distributions averaged over 300
grains of both the Cu matrix (red) and Ta particles (green) (a) before and (b) after the
creep testing. The Cu grains and Ta particles have a nearer identical distribution before
and after the creep testing. (c) The high resolution BF-STEM image showing the bowing
of the GB as it interacts with Ta clusters. The color-coded arrows highlight the varying
sizes of Ta (red arrows < 1 nm, yellow arrows < 1-2 nm, and green arrows > 4 nm
diameter) (K. A. Darling et al. 2016a).
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Figure 18: Modeling data indicating stability in NC Cu-10at.%Ta after creep testing. (a-
b) provides 2-D slices through 3-D atomistic creep simulations of pure NC-Cu and NC-
Cu-10at.%Ta at 600 °C and 295 MPa of applied stress, respectively. White atoms
represent the initial GB configurations (avg. grain size 8nm, both cases), while red and
green atoms represent the extent of coarsening associated with plastic deformation under
constant load and temperature conditions. In (b), Ta atoms (blue in color) formulate a
random distribution of GB clusters and localized growth is observed (circled in black)
due to insufficient Zener pinning in some grains (K. A. Darling et al. 2016a).
5.6 Conclusions

Thus, highly stabilized nanoclusters with strong structural affinity within the matrix
and along the GB are the governing mechanisms for the unusual combinations of
materials properties, i.e., high strength, extreme thermal stability, and creep resistance. In
summary, this report points to a new beginning for innovative fundamental and applied
science in designing NC-alloys with a multitude of simultaneously enhanced properties,
i.e., creep resistance of single crystals but with the additional benefit of much higher

strength. Further, the presented research on NC-Cu-10at.%Ta alloys proves immiscible

based systems produced from non-equilibrium processing represent a new archetype from
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which advanced applications and new fundamental mechanisms can be derived in an area

still viewed by many as one of the grand challenges facing researchers.
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CHAPTER 6

6 ROLE OF TA ON TWINNABILITY IN NANOCRYSTALLINE CU-TA ALLOYS

6.1 Introduction

Metals with a mean grain size (d) below 100 nm, i.e., nanocrystalline (NC) materials,
have garnered significant interest due to their superior mechanical properties as compared
to coarse-grained materials (Gleiter 2000). A large number of experimental and
computational studies have explored how grain boundary mediated plasticity and
microstructural size effects, affect the mechanical behavior of NC materials (Meyers,
Mishra, and Benson 2006; Dao et al. 2007; Q. Wei et al. 2008). For example, the Hall-
Petch (Hall 1954; Petch 1953) relationship describes the experimentally-observed
increase in yield strength with decreasing grain size down to diameters as small as 20 nm
(Gleiter 2000; Meyers, Mishra, and Benson 2006); this behavior is generally followed by
a plateau/negative slope region for grain sizes below a critical size (e.g., 8-15 nm for Cu
(Schigtz, Di Tolla, and Jacobsen 1998)). This inverse Hall-Petch effect has been directly
attributed to changes in the governing deformation mechanisms away from traditional
dislocation glide and pile-up processes (A. H. Chokshi et al. 1989). Fundamental changes
in deformation mechanisms are also known to cause many other intriguing and
unexpected physical responses of NC metals, including altered strain rate and pressure
dependence of deformation (Hornbuckle et al. 2015), superplasticity (Sherby and
Wadsworth 1989), and low temperature creep (M. A. Bhatia, Mathaudhu, and Solanki
2015), to name a few (see (Tschopp et al. 2014)). Generally, these unique deviations in

behavior are solely attributed to a continual reduction in grain size and an increase in the
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fraction of grain boundaries and triple junctions, which leads to experimentally reported
mechanisms of deformation twinning, GB rotation/sliding and viscous flow (M. Chen et
al. 2003; X. Z. Liao et al. 2004; Zhu, Liao, and Wu 2012). Plastic instability (Kumar, Van
Swygenhoven, and Suresh 2003a; Meyers, Mishra, and Benson 2006; Ovid’ko 2007; Dao
et al. 2007) due to loss in the strain hardening behavior and grain growth (under both
monotonic and cyclic loading) (Gianola et al. 2006; Malow and Koch 1997; Hibbard et
al. 2002) have also been observed in various pure NC materials at small grain sizes. The
ability to utilize such unique deformation responses advantageously depends heavily on
our ability to recognize and to engineer them within NC metals. That is, by restricting or
promoting specific deformation mechanisms, it may be possible to elicit or tune
unprecedented physical responses in these materials.

Recently, quasistatic and dynamic yield strengths of greater than 1 GPa were
measured in bulk samples of a NC Cu—Ta, which could not be explained by grain size
strengthening alone (K. A. Darling, Tschopp, Guduru, et al. 2014). The increase in
strength was attributed to the thermal decomposition of a non-equilibrium Cu rich Cu-Ta
solid solution over a range of temperatures (700-900 °C), which led to the formation of a
high density of small coherent Ta-rich atomic clusters (~2 nm in diameter) (K. A.
Darling, Tschopp, Guduru, et al. 2014). The presence of these Ta precipitates within
grains and along grain boundaries resulted in strength levels approximately two times
higher than those predicted by Hall-Petch hardening alone (K. A. Darling et al. 2015b).
These studies suggest that the presence of Ta-based clusters play a commanding role in
defining the deformation response as compared to the NC grain size alone. However,
there is no direct experimental evidence to date of how and why Ta has such a
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pronounced effect. This work shows for the first time that the mean Ta particle size and
distribution, much like grain size, can be used to tailor the governing deformation
mechanisms in nanocrystalline immiscible alloys.

In this chapter, the role that Ta particles play in altering the slip and deformation
twinning response in previously reported NC Cu-Ta alloys is examined along with the
microstructural evolution in alloys with a varying Ta concentration using a combination
of generalized stacking fault energy (GSFE) surfaces along with high resolution
transmission electron microscopy (TEM) characterization. The GSFE curves are often
employed to measure and understand the competition between dislocation slip and
twinning, often referred to as the twinnability of the material (T. Cai et al. 2014b). Here,
large-scale atomic/molecular massively parallel simulator (LAMMPS) (Plimpton 1995)
along with a semi-empirical embedded atom potential (EAM) developed by Pun et al.
(Pun et al. 2015) was used to compute the GSFE energy curves. This EAM potential was
parameterized using an extensive database of energies and configurations from density
functional theory (DFT) calculations of energy differences between various crystal
structures of pure Cu and pure Ta, the formation energies of coherent Cu-Ta interfaces,
and the binding energy of several ordered compounds, such as L1,-CusTa, L1,-CuTa,
L1,-CuTa, B,-CuTa and L1,-TazCu (Pun et al. 2015). More details on the validation of

the EAM potential at different temperatures can be found in Pun et al. (Pun et al. 2015).

6.2 Methodology

The relaxed GSFE curves (Figure 16a) were computed in LAMMPS using a
rectangular slab structure having x, y, and z axes oriented along the [112], [111],

and [110] directions, respectively, with a (111) plane stacking sequence of
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ABCAB|CABC, see Figure 16b. The simulation cell/supercell dimensions were 17.7 nm x
12.5 nm x 1 nm (Figure 16g and 16h). To compute GSFE curves, a 3 nm vacuum was
added along the y direction while a periodic boundary condition was maintained along

the other two directions. Then the upper half crystal of the (111) plane was displaced

along the x direction by a partial Burger’s distance of % to create a stable stacking fault

(vssy) with a stacking sequence of ABCAB|ABCA, as shown in Figure 16d. From this
point, either a trailing partial of the dissociated dislocation is nucleated or another partial
dislocation of leading type on the adjacent plan is nucleated to form a microtwin (Figure
16f). For the emission of a trailing partial, Rice (Rice 1992) showed that the required
critical stress is a function of energy difference (v.ss-¥ss¢) and the stacking sequence can
be restored to ABCAB|CABC (Figure 16b). In the next step, the displacement was carried
out on the adjacent (111) plane along the [112] direction to create a microtwin (twin
fault, y,.r) with a stacking sequence of ABCABA|CAB, see Figure 16f. During each
incremental shear displacement, the structure was relaxed using a conjugate gradient
algorithm with force and energy criteria of 10™? meV/A and 102 meV, respectively. To
quantify the role of Ta on predominant deformation mechanisms (twin versus slip
transition), the GSFE curves were computed for the Cu matrix with distinct Ta particle
sizes, ranging from 0 to 10 nm in radius. While the Cu-Ta system is known to be a phase
separated (immiscible) material (Subramanian and Laughlin 1989), GSFE curves for
several non-equilibrium Cu-Ta solid solution (up to 10 at.% Ta) were also computed,
because these solid solutions can be expected to experimentally occur and persist over

moderate temperature ranges (K. A. Darling, Tschopp, VanLeeuwen, et al. 2014a). In the
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case of solid solution Cu-Ta, Ta atoms were free to relax in all directions whereas Cu

atoms were free to move along the [111] direction only.
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Figure 19: Simulation details. (a) Illustrative model for the generalized stacking fault
energy calculation: (b) a perfect crystal with ABCAB|CABC stacking; (c) an unstable
stacking fault (yusr) with ABCAB|BCAB stacking; (d) a stable stacking fault (yss) with
ABCAB|ABCA stacking left behind by the leading partial; (e) an unstable twinning fault
(yutr) with ABCABAJABC stacking; (f) 2 layers microtwin with ABCABA|CAB stacking;
(9) supercell with a random doping of Ta atoms; and (h) supercell with one Ta particle.
Note that the red, blue and green atoms are A, B and C stacking, respectively. In (g) and
(h) the red and blue atoms correspond to Copper and Tantalum atoms respectively. The
dotted line in this figure represents the shear plane. For a twin fault to nucleate, the shear
plane has to move by one atomic layer (M. Bhatia et al. 2016).

6.3 Results and Discussion

All GSFE curves with different Ta solute concentrations and Ta particle sizes are
presented in Figures 20a & 20D, respectively. The first local maximum corresponds to the

unstable stacking fault energy (¥..sy), which is correlated to the energy barrier for the

leading partial to propagate. In the case of Cu-Ta solid solutions, the y,,sf decreases with
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the addition of Ta solute. In contrast, the value of y,,sf was found to increase with the
addition of Ta particles to the Cu matrix. Overall, in both cases, the stable stacking fault
energy and unstable twinning fault energy (yss and yut, respectively) increase with the
addition of Ta. The ratios @ = Ysf/Vusf aNd B = Yuer/Vuss Can provide insight into the
observed changes in all three intrinsic properties (yust, Ysst» and yuer) for different solute
concentrations or particle sizes, as shown in Figure 21a. If the ratio a, which is a ratio of
the stable and unstable stacking fault energies, is close to one, then the energy barrier for
a trailing partial is very low and the stacking fault width is very small, e.g., Al (a =
~0.97) (Tadmor and Hai 2003). On the other hand and in the case of a pure Cu, the ratio
« was found to be 0.24 (Figure 21a, red star), i.e., the energy barrier for a trailing partial
is higher and, hence, the stacking fault width or extended partial can be observed across a
grain size of 50 nm (Schigtz and Jacobsen 2003a). However, the ratio o (Figure 21a)
increases with the addition of Ta as a solid solution or in particle form, i.e., the stacking
fault width decreases with a decrease in the energy barrier for the trailing partial (Figure
20). Further, as the particle size increases, it is expected that the particle interface
transitions from coherent to semi-coherent with respect to Cu matrix (JOHN D. Eshelby
1957); this results in the ratio « increasing from 0.24 with no Ta to 0.30 for a Cu matrix
with a 2 nm radius particle, see Figure 21a. Similarly, as shown in Figure 21a, a transition
from twinning towards slip-dominated mechanisms occurs when the ratio a increases to
approximately 0.69 for a 5.4 nm radius particle and 0.57 for the NC Cu—6% Ta solid

solution.

74



I A —0%Ta -#1%Ta -&2%Ta {_, - —0nm -®1nm -x2nm
200 -3%Ta +4%Ta *6%Ta 7k = % 350 T w3nm  +-4nm 54 nmR
Yusf \.\‘ 300 + f Yutf)\ %
3 R
Yuer ‘\\: 1 e ~
o =250 + Yusf / * -
150 AN T L LPRY
e = e £ & e Ny Y
n EZOO + / o\"\ AR & ¥
)(/ w S X /.’ y \.\'\
100 - ‘,’ d150 e * /‘;:" ' "\ [
# A4 . -
N, 100 1 Nl | a7
50 L | A
Vssr i . 50 + ™| 2
Cu-Ta solid solution Vss Cu with a Ta particle
0 t t 1 1 t t t t t 0 —tt ]
c 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 1.2 14 16 1.8 2
Displacement bp<112>/6 Displacement bp<112>/6

Figure 20: GSFE as a function of shear displacement along the [112] direction for (a) Cu-
Ta solid solution alloys and (b) Cu matrix with various size Ta particles (radius). In both
cases we observed an increase in ysst and yus With addition Ta (M. A. Bhatia et al. 2016).
The ratio of the unstable twinning fault energy to the unstable stacking fault energy,
B = Yuts/Yuss, €an also help explain the role of Ta on deformation twinning in NC Cu-
Ta alloys. For pure Cu, the ratio S is close to unity (~1.11), i.e., the energy barrier for a
twin fault is smaller and hence, nucleating a twin fault is relatively easy. However, as the
value of S increases, the energy barrier (Figure 21) as well as the stress required to
nucleate twin increases. In the present study, the ratio 8 increases with both increasing Ta
solute concentrations or increasing Ta particle sizes (Figure 21a). For example, Figure
17a shows that the ratio g is 1.11, 1.18, and 1.60 for Cu with no Ta, Cu with 2 nm radius
semi-coherent Ta particle, and Cu with 5.4 nm radius Ta particle size, respectively. This
suggests that, similar to grain size as discussed in Zhu et al. (Zhu, Liao, and Wu 2012; X.
Z. Liao et al. 2004), Ta particles can be used to tailor twinnability, with coherent particles
increasing the density of deformation twinning and incoherent particles promoting
dislocation-based plasticity. This is also true for the dissolved Ta content in solid

solution. This has practical significance as the deformation response and microstructure
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of these materials will depend heavily on the choice of bulk consolidation processing

variables such as composition, temperature, and or pressure/degree of deformation.

TEM observations confirm this hypothesis. Figure 21 shows TEM results which
compares the twin and dislocation contents in two different NC Cu-Ta alloys synthesized
and consolidated through high energy ball milling and equal channel angular processing.
For additional processing details and sample preparation details refer to the
supplementary documents. Figures 21b—e show ECAE processed bulk samples for NC
Cu-10 at.% Ta (800 °C, Fig. 3b—3c) and NC Cu-1 at.% Ta (700 °C, Fig. 18d-18e),
where the lighter areas represent Cu and darker areas represent the Ta phase. These two
processing conditions were chosen as the mean grain size and their distributions are
comparable (NC Cu-10% Ta has a mean grain size of 118 nm and NC Cu-1% Ta has a
mean grain size of 126 nm). As the grain sizes of the alloys are comparable, the effect of
Ta concentration on the deformation mechanism can be isolated. While both alloys
contain Ta-rich particles, the NC Cu-10 at.% Ta alloy has a higher density of both
smaller (diameter < 10 nm) and larger particles (diameter of 50-100 nm) compared to the
NC Cu-1 at.% Ta sample (Hornbuckle et al. 2015). Using HRTEM characterization
along <110> zone axis, its shown that (Figure 21c), the Ta based particles (outlined using
yellow dotted lines) can be seen at the end of a twin (outlined using blue dotted lines)
blocking the twin boundary from growing on either end. On the other hand, the twin
boundaries (outlined using blue dotted lines) in Figure 18e are not constrained by the Ta
based particles. For more details, please refer to Figure 22 which includes FFT images to
indicate the nature of the feature (i.e.) twin boundaries. The average twin density per unit

area obtained over multiple regions is ~1 x 10'2m™ for NC Cu—10 at.% Ta and is ~4 X
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10" m for the NC Cu—1 at.% Ta sample. These experimental observations are in good
agreement with the computational results where the NC Cu-10 at.% Ta alloy is expected
to exhibit dislocation-dominated plasticity and the NC Cu-1 at.% Ta alloy is expected to

exhibit twin-dominated deformation.

2
19 B ’ e Solute = Particle | A
1.8 + ysnp
1.7 + ™
516 T twin el
3 o
>I~I= 1.5 . " ',;._‘
o1 semi-co eren't:'__...
1.3 -
e
12 1 coherent“-...
11 + W
1 $ . + + +
0 0.2 0.4 0.6 0.8

a= }:sf/ Kzsf

Figure 21: (a) Transition of deformation from slip to deformation twinning with
increasing concentration of Ta (circle) and increasing particle size (diamond) in a-3
coordinates. Note: Red star is a point with no Ta. Points under the ideal black line can
form twins while over the line, twinning is difficult. As the concentration of Ta as well as
the Ta particle size increases, there is a transition from twinning to slip. Around a 2 nm
radius particle size, there is a transition from a coherent boundary to a semi-coherent
boundary for the particle as predicted by Eshelby (JOHN D. Eshelby 1957).
TEM/HRTEM micrographs of (b,c) NC Cu-10 at.% Ta (processed at 800 °C) and (d,e)
NC Cu-1 at.% Ta (processed at 700 °C). While the deformation in (b,c) is primarily
dislocation-mediated (restricted by Ta particles, yellow outline), deformation in (d,e)
occurs through twinning. The HRTEM images were taken in <110> zone axis (M. A.
Bhatia et al. 2016).
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Figure 22: High resolution transmission electron microscopy images (zone axis <110>)
and corresponding FFTs from (a-c) Cu-10 at. % Ta processed at 800 °C and (d-f) Cu-1
at.% Ta processed at 700 °C. The twinning process in case of Cu-10 at. % Ta alloy is
restricted due to the presence of Ta nano-particles (indicated by yellow dotted lines)
whereas in the case of Cu-1 at. % Ta alloy, twinning is favored. The extra spots in the
FFT are due to the ion-milling damage (M. A. Bhatia et al. 2016).

Last, the role of Ta on homogeneous and heterogeneous twin nucleation as compared
to dislocation nucleation in NC Cu—Ta can be inferred from the ratios a and § computed
from GSFE calculations. As described by Cai et al. (T. Cai et al. 2014a), the
homogeneous twinning ability (Tyz, OR stands for crystal orientation) in NC Cu due to

the influence of orientation and GSFE is given by

Tor = tan™t (B—_i) +Z (2)

a— 4
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Tadmor and Hai (Tadmor and Hai 2003) proposed a simple criterion for
inhomogeneous or heterogeneous nucleation of twins from crack tips in the absence of
strain rate and temperature. This criterion is expected to be valid because thermal
activation does not play an important role in deformation twinning (Christian and
Mahajan 1995). Moreover, extending to high rates, materials twin more easily at high
strain rates compared to lower strain rates, so this criterion is expected to be the lower
bound for predicting twin nucleation (Christian and Mahajan 1995). Hence, twins
nucleate at the tips of moving cracks where stresses and strain rates are high (Reid 1981).
Therefore, twinnability from an ideal crack tip (T.;) without temperature and strain rate

is
Ter = [1.136 — 0.151a]/ /B (3)

Similarly, Asaro and Suresh (Asaro and Suresh 2005) proposed a criterion for

heterogeneous twin nucleation (Tgg) from a grain boundary, i.e.,

Tep = (3 +2a)/P (4)
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Figure 23: Twinnability as a function of intrinsic twinnability factor » for (a) solid
solution of Ta atoms and (b) different sizes of tantalum particle. Red star points indicate
pure Cu (no Ta). Diamond points are for homogeneous twins, while circles and triangles
are for heterogeneous twins from a crack tip and a grain boundary, respectively. With an
increase in the concentration of Ta, there is a decrease in homogeneous twins (M. A.
Bhatia et al. 2016).

In all three cases, the condition when T > 1 favors a twin partial emission over the
trailing partial. For pure Cu, the twinning criteria values are 1.76, 1.03, and 0.62 for Tgg,
Tcr, and Tog, respectively; these agree well with published literature values of 1.55, 0.95,
and 0.58 for Tgg (Asaro and Suresh 2005), Tcr (Tadmor and Hai 2003) and Tog (T. Cai
et al. 2014a), respectively. Hence, heterogeneous deformation twins nucleate from crack
tips and grain boundaries. Further, the above three criteria for twinning tendency from
different nucleation sites can be understood through an intrinsic twinnability factor n
(M = Yusg — Vssf/Yutr — Vssf)» Which only depends on the material’s intrinsic properties
y (stacking fault energies, Figure 2). Figure 4 shows the effect of Ta concentration on the
twinnability for homogeneous (Tor) twin formation, which is more predominant than for
heterogeneous (Tct and Tgg) twin formation, i.e., Togr < B/a ; whereas Tor & Tgp &
a/B (where B>1 and a<1). Hence, as the percentage of Ta increases (right to left on

Figure 4), the rate of decrease in twinnability is greater for a homogeneous twins (Tor)
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compared to heterogeneous twins (Tcr and Tgg) for both solid solution (Figure 23a) and
Ta particle size (Figure 23b). Our result predicts that the formation of trailing partials is
favored over that of twinning partials from crack tips (Tcr < 1) for a given Ta particle
size of 1.8 nm in radius (Tcr = 0.94) and for 3 at.% Ta atoms (Tct = 0.95). There is no
transition from a twinning partial to trailing partial in case of heterogeneous twin

nucleation at the grain boundary.

6.4 Conclusions

In summary, the role of Ta on the transition from twinning to slip dominated
deformation mechanisms in Cu-Ta alloys through atomistic simulations and TEM
experiments is elucidated. In particular, the computed GSFE curves showed that as Ta
content increases, there is a shift from a twin-dominated towards a dislocation-dominated
deformation mechanism. Thus, similar to grain size as discussed in Zhu et al. (Zhu, Liao,
and Wu 2012; X. Z. Liao et al. 2004), Ta particles can be used to tailor twinnability, with
coherent particles increasing the density of deformation twinning and incoherent particles
promoting dislocation-based plasticity. Furthermore, heterogeneous twinnability from
microstructural defects such as grain boundaries decreases with an increase in Ta content.

The observed effect of Ta on plasticity is consistent with the TEM observations.
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CHAPTER 7

7  SUMMARY AND FUTURE WORK

Nanocrystalline materials are good contenders for engineering applications however

the plastic and thermal instability renders it impractical for these applications. In this

dissertation, we have systematically analyzed the deformation and mechanical response

at extreme conditions of one such stable alloy system, NC-Cu-Ta which shows promise.

This understanding will aid in the design and development of a class of super-strong

nanocrystalline alloys with a multitude of optimized properties at elevated temperatures.

The several insights gathered from this dissertation include:

(i)

(i)

(iii)

NC-Cu-Ta alloys exhibit tremendous thermal stability even at elevated
temperatures where the Ta nanoclusters pin the grain boundaries through Zener
pinning mechanism which was verified by in-situ heating experiments and
atomistic simulations.

The quasistatic and high strain rate behavior of these alloys at elevated
temperatures in compression supersedes the behavior exhibited by
conventional nanocrystalline materials where GB dominated mechanisms lead
to instability at temperatures as low as 0.4 Tp,.

The long term deformation behavior (creep) is also exceptional for these alloys
and the creep resistance offered by the NC-Cu-10at.%Ta at 600 °C (0.64 Tm)
is 6-8 orders of magnitude higher than the conventional NC alloys reported for

1.5-2 times higher temperature and an order of magnitude higher stress.
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(iv)  The role of Ta on deformation mechanisms in Cu-Ta alloys was probed
through atomistic simulations and TEM experiments. Atomistic and TEM
characterizations reveal that Ta particles can be used to tailor twinnability,
with coherent particles increasing the density of deformation twinning and
incoherent particles promoting dislocation-based plasticity. Furthermore,
heterogeneous twinnability from microstructural defects such as grain

boundaries decreases with an increase in Ta content.

While there has been a pursuit to develop alloys that are strong, there is the inherent
obstacle to develop alloys which are ductile as well due to the strength-ductility tradeoff,
Nanocrystalline materials are excellent in terms of their mechanical strength, however
their ability to deform through dislocation motion is restricted due to which achieving NC
alloys with considerable ductility remains challenging. As seen from the previous
sections, NC-Cu-Ta alloy system offers potential from the strength and stability at
elevated conditions. By tailoring the microstructure of this alloy system, an optimum
strength-ductility combination can also be achieved despite what will remain greater than

all known NC materials.

From the previous chapters, we saw that Ta concentration and processing plays a
critical role in determining the mode of deformation in the alloys. To identify an
optimum strength-ductility alloy a set of NC-Cu-Ta alloys with varying Ta
concentrations were processed and subjected to mechanical testing and strength-ductility
response was evaluated. Fig. 24, a typical strength-ductility map of NC-Cu-Ta alloys

with varying Ta concentrations and data from literature for the known Cu alloys. The
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yield strength of NC-Cu-10at.%Ta processed at 700 °C and tested at RT is about 1 GPa,
and the ductility is negligible. When consolidation temperature (ECAE) changes from
700 to 900 °C the yield strength changes from to 1040 MPa to 680 MPa, while the
ductility increases from 1% to 6%. Thus by controlling the processing parameters and
solute concentration, it is possible to achieve a composition with nanocrystalline grains

which shows sufficient strength and ductility (projected Cu-Ta).
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Figure 24: Plot of strength versus ductility for NC Cu and alloys. NC-Cu-Ta offers
promise in comparison to pure NC Cu and through tailoring the microstructure via
processing, an alloy with the optimal Ta concentration which has sufficient strength and
ductility can be deduced. NC Cu data taken from (Sanders, Eastman, and Weertman
1997; M. Legros et al. 2000; Y. Wang et al. 2002; Lu et al. 2000; Y. M. Wang et al.
2003), NT Cu and UFG Cu from (Lu et al. 2009; Dao et al. 2006),and CG Cu from (Lu et
al. 2009). NC Cu-Ta data is from the current study.
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The strengthening can be attributed to the high density of Ta nanoclusters, the change
in the grain size and Ta concentration influences the degree of strengthening (Chapters 3
to 5). Grains with a considerable size within the NC/UFG regime can help in maintaining
the strength whilst allowing ductility. In addition, there will be sufficient dislocation
storage inside the grains owing it to their sizes. Due to their inherent microstructural
stability by Zener pinning, plastic and thermal instability is non-existent in these high-
strength materials, thereby unleashing the potential to accommodate uniform elongation
through the material. The future goal is to effectively tune the microstructure by varying
the Ta concentration and processing temperature to achieve nominal strength-ductility
combinations in Cu-Ta alloy system. Furthermore this methodology can be adapted and
used for other material systems as well. Several techniques exist for improving strength
and ductility in materials (Y. Wang et al. 2002). In this case, the processing technique,
namely equal channel angular extrusion (ECAE) produces nanostructured materials with
a sufficient amount of stored dislocation content. Also from the previous chapter, it is
known that presence of Ta inhibits the formation of twins in these alloys, with the
propensity decreasing with the increase of Ta concentration from 1 at.% to 10 at. %.
Further, twinning indicates that the microstructure deforms at a higher stress which can
lead to the observed high strength. These interfaces also can act as a strong barrier to the
dislocation motion. So, a material system with a Ta concentration of about 5 at.% or
lower will have the capability to retain nanocrystalline microstructure at extreme
conditions, exhibit high strength and show moderate ductility which will greater than all
observed NC material systems. Furthermore, the results from this systematic studies
highlighted in the previous chapters which probes the microstructural evolution and
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mechanical behavior of these stabilized alloys will aid in developing a strength optimized

alloy which shows exceptional response under extreme conditions.
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Figure 25: Schematic for developing strong microstructurally stable nanocrystalline
materials which have a potential to replace current generation high-temperature
components. Compression data from (K. A. Darling et al. 2015a), structure micrographs
from (K. A. Darling et al. 2016a),and processing schematic from (Tschopp et al. 2014).

The ultimate goal is to develop stronger NC materials with a multitude of
simultaneous properties such as high strength, ductility, creep and fatigue resistance
which shows promise for high temperature applications such as turbines. These alloys
will in turn improve the efficiency and life thereby reducing the carbon footprint. This
methodology is not exclusive to Cu-Ta system and can be extended to develop material
systems which have an exotic microstructure comprising of nanoclusters which determine

strength and stability.
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