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Outline of presentation

Introduction of high entropy alloys (HEAS) and serration behavior
Compression and tension experiments and characterization of serration behavior

Theoretical modeling, comparison to experiments on macroscopic and microscopic

scales, and methods to circumvent experimental resolution issues.
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High Entropy Alloys (HEAS)

HEAs: typically defined as solid-solution alloys that contain five or more principal elements in near-
equimolar ratios, possessing a single structure rather than ordered phases, such as body-centered
cubic (BCC) structures, face-centered cubic (FCC), and/or hexagonal-closed packed (HCP)
structures

Advantages of HEAs:
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Comparison of fatigue properties with other alloys
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Comparison with Other Materials (Cont'd)
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Serration behavior

» Serration behavior, inhomogeneous deformation, appears in certain temperature and strain rate regimes in

solid-solution alloys,

» They are also called Portevin-Le Chatelier (PLC) effect, serrated flow, and jerky flow, corresponding to

sharp, small-scale jJumps in stress-strain curves
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1. P.Rodriguez, ""Serrated plastic flow", Bull. Mater. Sci., 1984, 6(4), pp. 653-663.
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Dahmen, Scientific Reports, 2015, 5, p. 16997.
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Microstructure at room temperature

Advanced Photon Source, Argone national laboratory
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» The bright contrast on the scanning electron microscope (SEM) image shows the dendrite and interdendrite
structures

» The peaks in the synchrotron diffraction patterns appears as a single FCC phase



Cu K

» Energy-dispersive x-ray spectroscopy (EDS) mappings show that the
Interdendrite is exclusively rich in Cu, consistent with previous
Investigation.

Tsai C-W, Chen Y-L, Tsai M-H, Yeh J-W, Shun T-T, Chen S-K. Deformation and
annealing behaviors of high-entropy alloy Al0.5CoCrCuFeNi. Journal of Alloys and
Compounds 2009; 486:427-435.




Stress (MPa)

Compression results

00

=)

o
|

AIO_SCoCrCuFeNi
Strain rate: 2 x 107°/s
RT
300°C
400 °C
500 °C

600°C

15 20
Strain (%)

25

30

35



Stress (MPa)

1000

Compression results (Cont’d)
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Stress (MPa)

Compression results (Cont’d)
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Stress drop (Ao.averge)

>

Characterization of serration behavior (Cont’d)

. 3

Stress drop (Aoaverge)
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» High or low temperature cannot stimulate
the serrated flow. Only a certain temperature
range (300 - 600 °C in our study) can be
helpful

Strain rate

» Low strain rate is easier for solutes to
catch the moving dislocations, resulting in
higher stress drop
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Review: Our Simple Analytic Model of Plasticity Stress vs. Time

, (Chen & Liaw)
(Dahmen, Ben-Zion, Uhl, PRL 2009, Nature Phys. 2011, et
Carroll, et al. Scientific Reports 2015)

/ﬁ,/q(/
One Tuning Parameter: m/'] P |
° Weakening ot :;//\Jm_’,ﬂﬂ ,[/*L‘ Yi i
* Applied to Crystals, Bulk Metallic Glasses, HEAs “« B
Two Experimentally Relevant Loading Conditions: Strain-rate v
e Linearly increasing strain loading condition .I
« Linearly increasing stress loading condition Stress F

a—

EXACT Predictions in 3 Dimensions (no fitting) !I

e Histograms of slip-sizes, durations, power spectra, ...
 Brittle (¢ > 0), ductile (¢ = 0) & hardening materials (¢ < 0)

Predictions agree with first experiments,
Many predictions for future experiments... 15




Main ldea of the simple (mean field) model:

Shear material:
1. Weak spot slips and weakens Y

triggers other weak spots to slip in a Slip Avalanche, ~~— s
Weak SpOtS reheal ecccccsce

2. Repeat

Slip Avalanche

[ o

Number of weak spots slipping

16



Interpretation through the model:

Au fixed

Au increases

%

2
=1

& =(r, — 1)/, =dynamic weakening

during failure avalanche:
Weakenlnq (E > O) failed regions get weakened by O(g)

reheal to old strength after avalanche

Model predictions agree with initial experimental results on the slip statistics at
different temperatures and strain rates. (Work in progress).
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Coarse Grained Model for Slip Evolution
in Heterogeneous Medium:
Failure stress

| j€
nGu(r/at =F + 0e(r) — falu, 1, history] | pedkened

Pmning due to

Ship velocity ~ stress+interaction + _
heterogeneities

Arreststress«ds

Interaction:

% gm(r’t) we j_; m.J. d!f J(l'-l': t'fj X [u:r'f} £ ll:r=t)]

Renormalization Group:
Interaction sufficiently long range

— Analytic MEAN FIELD THEORY GIVES
EXACT RESULTS
FOR PHYSICAL DIMENSION !

18



For zero weakening model: many predictions, for example
power law scaling behavior of avalanche size distributions

Number of avalanches
larger than size S

S—O.S

IH

“smal

/ avalanches

For finite weakening:
also large avalanches

\V

Slip avalanche
Size S

19



For High Entropy Alloys (Dynamic Strain Aging):
Serrations in temperature widow: for 300°C < Temperature < 600 °C
Model: Weakening € depends on Temperature & Strain-Rate
In this range, higher temperature means faster (stronger) pinning of
dislocation => greater “weakening” when dislocations break loose
Weakening € ~ Dislocation-Pinning-Rate (T)/Strain-Rate

e

a. 23°C b. 450°C c.700°C

Robert Carroll, Chi Lee, Che-Wei Tsai, Jien-Wei Yeh, James Antonaglia, Braden Brinkman, Michael LeBlanc, Xie Xie, Shuying Chen, Peter K. Liaw, and
Karin A. Dahmen, Experiments and Model for Serration Statistics in Low-Entropy, Medium-Entropy, and High-Entropy Alloys, Scientific Reports 5,
16997 (2015), and S.Y. Chen et al. preprint in preparation (2017)



1. Testing the model against predictions for
macroscopic samples of different materials
under tension and compression

(experiments: P. Liaw, SY. Chen, J.W. Yeh,
data analysis and theory: Shu Li, B. Carrol, K.A. Dahmen)



Experiments on different materials agree with model predictions:
higher temperature = higher weakening = materials transitions from A to B to C PLC bands

Al, :CoCrCuFeNi (compression) CoCrFeMnNi (tension)
Strain Rate Temperature Serration PLC- Band Serration PLC-Band
Strain-rate Temperature ("C) Behavior Type
Us) (C) Behavior Type | = 10 %s 30 None Nane
2E-3 400 Yes AorD 104 Yex &
500 Yes A S0 Vs A
S0 Ve &
2E-4 400 Yes A
| = 10 s 3 Yes A
500 Yes A/B 400 Vs A
600 Yes C S0 T B
700 None 600 Yes t
| = 10 % 300 Yex A
5E-5 400 Yes A
i Yex i3
500 Yes A/B
500 Yex B
600 Yes B/C &0 Viox .
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Slip size distributions for High Entropy Alloys agree with
Mean Field Model Predictions:
Higher temperature means higher “weakening” parameter ¢
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Tension: Robert Carroll, Chi Lee, Che-Wei Tsai, Jien-Wei Yeh, James Antonaglia, Braden Brinkman, Michael LeBlanc, Xie Xie, Shuying Chen, Peter K.
Liaw, and Karin A. Dahmen, Experiments and Model for Serration Statistics in Low-Entropy, Medium-Entropy, and High-Entropy Alloys, Scientific

Reports 5, 16997 (2015), and similar under compression, see S.Y. Chen et al. preprint in preparation (2017) 23



Comparison of model predictions to
nanopillar compression experiments



Avalanche Size Distribution

Model agrees with HEA Nano-Pillar Compression

Yang Hu, Shu Li, Wei Guo, Peter Liaw, KD, and Jian-Min Zuo, submitted (2016)
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Experiments spanning 12 decades in size agree with HEA experiments on
macroscopic samples and nm samples and

with mean field model predictions:
Mean Field Model Prediction:. Experiments on 5 Systems agree.

Universal scaling collapse of the size distributions
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Jonathan T. Uhl, Shivesh Pathak, Danijel Schorlemmer, Xin Liu, Ryan Swindeman, Braden A.W. Brinkman, Michael LeBlanc,
Georgios Tsekenis, Nir Friedman, Robert Behringer, Dmitry Denisov, Peter Schall, Xiaojun Gu, Wendelin J. Wright, Todd Hufpagel,
Andrew Jennings, Julia R. Greer, P.K. Liaw, Thorsten Becker, Georg Dresen, and KD (Scientific Reports, 2015)



How to avoid effects of low time resolution:
(Physical Review E 94, 052135 (2016))
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Conclusion on Experiments and Mean Field Model:

1. Fit-free model predictions for the statistics of slips (noise) in the stress strain

C u rve S a g re e Wit h ex p e ri m e nta I d ata 0 n : o Ulniversa! scalingl collapsle of the]size disltributiorjs
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e High Entropy Alloys (macro and nano scale): -

Dependence on temperature, strain rate, stress. 3l —
e Largest serrations seen within ﬁlﬂlj \
300°C < Temperature < 600 °C bo Experiments
 Larger serrations for slower strain rates | Model Prediction—

2. Stress dependence in nm scale HEAs

Agrees with previous results spanning 12 decades in length:
Nano-crystals, Bulk Metallic Glasses, Granular Materials,
Rocks, Earthquakes

3. New general method to
avoid low time resolution effects

stress

Rescaled avalanche size
MR LT 1)

50264

5026.2 |
5026.1 |

5026.0

nm scale HEAs:

s— 0.6 10 0.7 of max stress

o m
Slip size (nm)

2.55
x 10° 28
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To be held at the 2018 Materials Science and Technology (MS&T) Conference,
October 14-18, 2018, Columbus OH

ABSTRACT DEADLINE: March 15, 2018

www.matscitech.org

Papers will be published in Metallurgical and Materials Transactions.

K.A. Dahmen P. K. Liaw and Dr. G. Y. Wang
University of Illinois at Urbana Champaign The University of Tennessee, Knoxville


http://www.matscitech.org/

Publications

1. M.-R. Chen, S.-J. Lin, J.-W. Yeh, S.-K. Chen, Y.-S. Huang, and C.-P. Tu, ""Microstructure and Properties
of Al0.5CoCrCuFeNiITix (x = 0-2.0) High-Entropy Alloys', Materials Transactions, 2006, 47(5), pp. 1395-
1401.

2. J. Antonaglia, X. Xie, G. Schwarz, M. Wraith, J. Qiao, Y. Zhang, P. K. Liaw, J. T. Uhl, and K. A. Dahmen,
"Tuned Critical Avalanche Scaling in Bulk Metallic Glasses', Scientific Reports, 2014, 4, p. 4382.

3. S. Y. Chen, X. Yang, K. Dahmen, P. Liaw, and Y. Zhang, ""Microstructures and Crackling Noise of
AIXNbTiMoV High Entropy Alloys', Entropy, 2014, 16(2), pp. 870-884.

4. H. L. Hong, Q. Wang, C. Dong, and P. K. Liaw, "Understanding the Cu-Zn Brass Alloys Using a Short-
range-order Cluster Model: Significance of Specific Compositions of Industrial Alloys", Scientific Reports,
2014, 4, p. 7065.

5. E. W. Huang, J. Qiao, B. Winiarski, W. J. Lee, M. Scheel, C. P. Chuang, P. K. Liaw, Y. C. Lo, Y. Zhang,
and M. Di Michiel, "Microyielding of Core-Shell Crystal Dendrites in a Bulk-Metallic-Glass Matrix
Composite", Scientific Reports, 2014, 4, p. 4394.



Publications (Cont’d)
6. L. Huang, E. M. Fozo, T. Zhang, P. K. Liaw, and W. He, ""Antimicrobial Behavior of Cu-bearing Zr-based

Bulk Metallic Glasses', Materials Science and Engineering: C Materials for Biological Applications., 2014,
39, pp. 325-9.

7. H. Jia, F. Liu, Z. An, W. Li, G. Wang, J. P. Chu, J. S. C. Jang, Y. Gao, and P. K. Liaw, "Thin-Film Metallic
Glasses for Substrate Fatigue-Property Improvements', Thin Solid Films, 2014, 561, pp. 2-27.

8. Z. Tang, L. Huang, W. He, and P. K. Liaw, "Alloying and Processing Effects on the Aqueous Corrosion
Behavior of High-Entropy Alloys", Entropy, 2014, 16(2), pp. 895-911.
9. T. T. Z. Yong Zhang, Zhi Tang, Michael C. Gaoc, Karin A. Dahmen, and Z. P. L. Peter K. Liaw,
""Microstructures and Properties of High-Entropy"', Progress in Materials Science, 2014, 61, pp. 93, p. 1.
10. P. F. Yu, S. D. Feng, G. S. Xu, X. L. Guo, Y. Y. Wang, W. Zhao, L. Qi, G. Li, P. K. Liaw, and R. P. Liu,
""Room-Temperature Creep Resistance of Co-Based Metallic Glasses", Scripta Materialia, 2014, 90-91, pp.
45-48.

11. Y. Zhang, M. LI, Y. D. Wang, J. P. Lin, K. A. Dahmen, Z. L. Wang, and P. K. Liaw, ""Superelasticity and
Serration Behavior in Small-Sized NiMnGa Alloys", Advanced Engineering Materials, 2014, 16(8), pp.
955-960.



Publications (Cont’d)

12. Y. Zhang, Z. P. Lu, S. G. Ma, P. K. Liaw, Z. Tang, Y. Q. Cheng, and M. C. Gao, "Guidelines in
Predicting Phase Formation of High-Entropy Alloys", MRS Communications, 2014, 4(2), pp. 57-
62.

13. L. J. Santodonato, Y. Zhang, M. Feygenson, C. M. Parish, M. C. Gao, R. J. Weber, J. C.
Neuefeind, Z. Tang, and P. K. Liaw, "Deviation from High-Entropy Configurations in the Atomic
Distributions of a Multi-Principal-Element Alloy'", Nature Communication, 2015, 6, p. 5964.

14. Y. F. Cao, X. Xie, J. Antonaglia, B. Winiarski, G. Wang, Y. C. Shin, P. J. Withers, K. A. Dahmen,
and P. K. Liaw, ""Laser Shock Peening on Zr-based Bulk Metallic Glass and Its Effect on
Plasticity: Experiment and Modeling", Scientific Reports, 2015, 5, p. 10789.

15. R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. W. Brinkman, M. LeBlanc, X. Xie, S.
Y. Chen, P. K. Liaw, and K. A. Dahmen, "Experiments and Model for Serration Statistics in Low-

Entropy, Medium-Entropy, and High-Entropy Alloys", Scientific Reports, 2015, 5, p. 16997.



Publications (Cont’d)

16. C. Chen, J. L. Ren, G. Wang, K. A. Dahmen, and P. K. Liaw, ""Scaling Behavior and Complexity of Plastic
Deformation for a Bulk Metallic Glass at Cryogenic Temperatures', Physical review E, 2015, 92(1), p.
012113.

17. S. Y. Chen, X. Xie, B. L. Chen, J. W. Qiao, Y. Zhang, Y. Ren, K. A. Dahmen, and P. K. Liaw, "Effects of
Temperature on Serrated Flows of Al0.5CoCrCuFeNi High-Entropy Alloy', JOM, 2015, 67(10), pp. 2314-
2320.

18. H. Y. Diao, L. J. Santodonato, Z. Tang, T. Egami, and P. K. Liaw, ""Local Structures of High-Entropy Alloys
(HEAS) on Atomic Scales: An Overview", JOM, 2015, 67(10), pp. 2321-2325.

19. L. Huang, C. Pu, R. K. Fisher, D. J. H. Mountain, Y. F. Gao, P. K. Liaw, W. Zhang, and W. He, ""A Zr-based
Bulk Metallic Glass for Future Stent Applications: Materials Properties, Finite element Modeling, and in

Vitro Human Vascular Cell Response™, Acta Biomaterialia, 2015, 25, pp. 356-368.



Publications (Cont’d)

20. G. Li, D. H. Xiao, P. F. Yu, L. J. Zhang, P. K. Liaw, Y. C. Li, and R. P. Liu, "Equation of State of an
AICoCrCuFeNi High-Entropy Alloy", JOM, 2015, 67(10), pp. 2310-2313.

21. S. Liu, M. C. Gao, P. K. Liaw, and Y. Zhang, "Microstructures and Mechanical Properties of
AIXCrFeNiTi0.25 Alloys™, Journal of Alloys and Compounds, 2015, 619, pp. 610-615.

22. M. Seifi, D. VY. Li, Z. Yong, P. K. Liaw, and J. J. Lewandowski, "Fracture Toughness and Fatigue Crack
Growth Behavior of As-Cast High-Entropy Alloys', JOM, 2015, 67(10), pp. 2288-2295.

23. G. Song, Z. Q. Sun, L. Li, X. D. Xu, M. Rawlings, C. H. Liebscher, B. Clausen, J. Poplawsky, D. N.
Leonard, S. Y. Huang, Z. K. Teng, C. T. Liu, M. D. Asta, Y. F. Gao, D. C. Dunand, G. Ghosh, M. W. Chen,
M. E. Fine, and P. K. Liaw, ""Ferritic Alloys with Extreme Creep Resistance via Coherent Hierarchical
Precipitates', Scientific Reports, 2015, 5, p. 16327.



Publications (Cont’d)

24. Z. Q. Sun, G. Song, J. llavsky, G. Ghosh, and P. K. Liaw, "Nano-sized Precipitate Stability and Its
Controlling Factors in a NiAl-strengthened Ferritic Alloy", Scientific Reports, 2015, 5, p. 16081.

25. Z. Tang, O. N. Senkov, C. M. Parish, C. Zhang, F. Zhang, L. J. Santodonato, G. Y. Wang, G. F. Zhao, F.
Q. Yang, and P. K. Liaw, "Tensile Ductility of an AICoCrFeNi Multi-phase High-entropy Alloy through
Hot Isostatic Pressing (HIP) and Homogenization', Materials Science and Engineering a-Structural
Materials Properties Microstructure and Processing, 2015, 647, pp. 229-240.

26. J. T. Uhl, S. Pathak, D. Schorlemmer, X. Liu, R. Swindeman, B. A. W. Brinkman, M. LeBlanc, G.
Tsekenis, N. Friedman, R. Behringer, D. Denisov, P. Schall, X. J. Gu, W. J. Wright, T. Hufnagel, A.
Jennings, J. R. Greer, P. K. Liaw, T. Becker, G. Dresen, and K. A. Dahmen, "Universal Quake Statistics:
From Compressed Nanocrystals to Earthquakes™, Scientific Reports, 2015, 5, p. 16493.



Publications (Cont’d)

27. P. F. Yu, L. J. Zhang, H. Cheng, H. Zhang, Q. Jing, M. Z. Ma, P. K. Liaw, G. Li, and R. P. Liu, "Special
Orientation Relationships of CuZr2 in the Annealed Zr64.5Cu35.5 Metallic Glass', Metallurgical and
Materials Transactions a-Physical Metallurgy and Materials Science, 2015, 46A(5), pp. 1855-1859.

28. T. T. Zuo, X. Yang, P. K. Liaw, and Y. Zhang, "Influence of Bridgman Solidification on Microstructures
and Magnetic Behaviors of a Non-equiatomic FeCoNIiAISi High-entropy Alloy", Intermetallics, 2015, 67,
pp. 171-176.

29. S. H. Chen, K. C. Chan, G. Wang, F. F. Wu, L. Xia, J. L. Ren, J. Li, K. A. Dahmen, and P. K. Liaw,
""Loading-rate-independent Delay of Catastrophic Avalanches in a Bulk Metallic Glass", Scientific
Reports, 2016, 6, p. 21967.

30. X. Tong, G. Wang, J. Yi, J. L. Ren, S. Pauly, Y. L. Gao, Q. J. Zhai, N. Mattern, K. A. Dahmen, P. K. Liaw,
and J. Eckert, ""Shear Avalanches in Plastic Deformation of a Metallic Glass Composite™, International
Journal of Plasticity, 2016, 77, pp. 141-155.



Publications (Cont’d)

31. W. J. Wright, Y. Liu, X. J. Gu, K. D. Van Ness, S. L. Robare, X. Liu, J. Antonaglia, M. LeBlanc, J. T. Uhl,
T. C. Hufnagel, and K. A. Dahmen, "Experimental Evidence for both Progressive and Simultaneous Shear
During Quasistatic Compression of a Bulk Metallic Glass', Journal of Applied Physics, 2016, 119(8), p.
084908.

32. P. F. Yu, H. Cheng, L. J. Zhang, H. Zhang, Q. Jing, M. Z. Ma, P. K. Liaw, G. Li, and R. P. Liu, "Effects of
high pressure torsion on microstructures and properties of an Al0.1CoCrFeNi high-entropy alloy",
Materials Science and Engineering a-Structural Materials Properties Microstructure and Processing,
2016, 655, pp. 283-291.

33. P. F. Yu, H. Cheng, L. J. Zhang, H. Zhang, M. Z. Ma, G. Li, P. K. Liaw, and R. P. Liu, ""Nanotwin's
Formation and Growth in an AICoCuFeNi High-entropy Alloy", Scripta Materialia, 2016, 114, pp. 31-34.



Publications (Cont’d)

34.

35.

36.

37.

38.

Michael LeBlanc, Aya Nawano, Wendelin J. Wright, Xiaojun Gu, J. T. Uhl, and Karin A. Dahmen,
Avalanche statistics from data with low time resolution, Physical Review E 94, 052135 (2016).

Adenike M. Giwa, Peter K. Liaw, Karin A. Dahmen, Julia R. Greer, Microstructure and small-scale size
effects in plasticity of individual phases of Al0.7CoCrFeNi High Entropy alloy, Extreme Mechanics
Letters, May 24th 2016

SY Chen, LP Yu, JL Ren, X Xie, XP Li, Xu Y, GF Zhao, PZ Li, FQ Yang, Y Ren, PK Liaw. Self-Similar
Random Process and Chaotic Behavior In Serrated Flow of High Entropy Alloys. Sci Rep 2016; 6, DOI:
10.1038/srep29798

M Komarasamy, N Kumar, RS Mishra, PK Liaw. Anomalies in the Deformation Mechanism and Kinetics
of Coarse-grained High Entropy Alloy. Materials Science and Engineering a-Structural Materials
Properties Microstructure and Processing 2016; 654:256-263

PK Liaw, GY Wang, MC Gao, SN Mathaudhu, X Xie. Symposium on High Entropy Alloys 111 Foreword.
Metallurgical and Materials Transactions a-Physical Metallurgy and Materials Science 2016; 47A:3305-
3305



Publications (Cont’d)

39.

40.

41.

42.

43.

44.

45.

JC Rao, V Ocelik, D Vainchtein, Z Tang, PK Liaw, JTM De Hosson. The fcc-bcc Crystallographic
Orientation Relationship in AIXCoCrFeNi High-entropy Alloys. Materials Letters 2016; 176:29-32

A Sharma, P Singh, DD Johnson, PK Liaw, G Balasubramanian. Atomistic Clustering-Ordering and High-
strain Deformation of an Al0.1CrCoFeNi High-entropy Alloy. Sci Rep 2016; 6: 31028

SQ Xia, MC Gao, TF Yang, PK Liaw, Y Zhang. Phase Stability and Microstructures of High Entropy
Alloys lon Irradiated to High Doses. Journal of Nuclear Materials 2016; 480:100-108.

PF Yu, H Cheng, LJ Zhang, H Zhang, MZ Ma, G Li, PK Liaw, RP Liu. Nanotwin's Formation and
Growth in an AICoCuFeNi High-entropy Alloy. Scripta Materialia 2016; 114:31-34.

C Zhang, F Zhang, HY Diao, MC Gao, Z Tang, JD Poplawsky, PK Liaw. Understanding Phase Stability of
Al-Co-Cr-Fe-Ni High Entropy Alloys. Materials & Design 2016; 109:425-433.

Y Zhang, JW Qiao, PK Liaw. A Brief Review of High Entropy Alloys and Serration Behavior and Flow
Units. Journal of Iron and Steel Research International 2016; 23:2-6.

Y Zhang, WH Wang, PK Liaw, G Wang, JW Qiao. Serration and Noise Behavior in Advanced Materials.

Journal of Iron and Steel Research International 2016; 23:1-1.



Publications (Cont’d)

46. SW Wu, G Wang, J Yi, YD Jia, | Hussain, QJ Zhai, PK Liaw. Strong Grain-size Effect on Deformation
Twinning of an AIl0.1CoCrFeNi High-entropy Alloy. Materials Research Letters 2016; DOI:
10.1080/21663831.2016.1257514.

47. MC Gao, J-W Yeh, PK Liaw, Y Zhang, High-entropy alloys: Fundamentals and Applications, Springer,
2016.

48. HY Diao, X Xie, F Sun, KA Dahmen, and PK Liaw, Mechanical Properties of High-entropy alloys, Chapter
6, High-entropy Alloys: Fundamentals and Applications, Springer, 2016.

49. L Collins, A Belianinov, R Proksch, TT Zuo, Y Zhang, PK Liaw, SV Kalinin, S Jesse. G-mode magnetic
force microscopy: Separating Magnetic and Electrostatic Interactions using Big Data Analytics. Applied
Physics Letters 2016; 108, DOI: 10.1063/1.4948601

50. J Xu, CY Shang, WJ Ge, HL Jia, PK Liaw, Y Wang. Effects of Elemental Addition on the Microstructure,
Thermal Stability, and Magnetic Properties of the Mechanically Alloyed FeSiBAINi high entropy alloys.
Advanced Powder Technology 2016; 27:1418-1426.



Publications (Cont’d)

ol.

52.

53.

54,

95.

L Zhang, P Yu, H Cheng, H Zhang, H Diao, Y Shi, B Chen, P Chen, R Feng, J Bai, Q Jing, M Ma, PK
Liaw, G Li, R Liu. Nanoindentation Creep Behavior of an AIl0.3CoCrFeNi High-Entropy Alloy.
Metallurgical and Materials Transactions A, 2016; 47(12), 5871-5875.

SW Wu, G Wang, J Yi, YD Jia, | Hussain, QJ Zhai, PK Liaw. Strong Grain-size Effect on Deformation
Twinning of an AI0.1CoCrFeNi High-entropy Alloy. Materials Research Letters, 2016; DOI:
10.1080/21663831.2016.1257514.

R Feng, MC Gao, C Lee, M Mathes, TT Zuo, SY Chen, JA Hawk, Y Zhang, PK Liaw. Design of Light-
Weight High-Entropy Alloys. Entropy 2016; doi:10.3390/e18090333

Q Wang, Y Ma, BB Jiang, XN Li, Y Shi, C Dong, PK Liaw. A Cuboidal B2 Nanoprecipitation-enhanced
Body-centered-cubic Alloy Al0.7CoCrFe2Ni with Prominent Tensile Properties. Scripta Materialia 2016;
120:85-89.

D Li, C Li, T Feng, Y Zhang, G Sha, JJ Lewandowski, PK Liaw, Y Zhang. High-entropy Al0.3CoCrFeNi
Alloy Fibers with High Tensile Strength and Ductility at Ambient and Cryogenic Temperatures. Acta
Materialia 2017; 123:285-294.



Publications (Cont’d)

55. Michael LeBlanc, Aya Nawano, Wendelin J. Wright, Xiaojun Gu, J. T. Uhl, and Karin A. Dahmen,
Avalanche statistics from data with low time resolution, Physical Review E 94, 052135 (2016).

56. D. H. Xiao, P. F. Zhou, W. Q. Wu, H. Y. Diao, M. C. Gao, M. Song , and P. K. Liaw, "Microstructure,
mechanical and corrosion behaviors of AICoCuFeNi-(Cr,Ti) high entropy alloys", Materials & Design, 2016,
116, 438-447.

57. A. Sharma, R. Singh, P. K. Liaw, G. Balasubramaian, Cuckoo Searching Optimal Composition of
Multicomponent Alloys by Molecular Simulations, Scripta Materialia, 2017, 130, 292-296.



Presentations



2014 TMS meetings San Diego, CA, USA, February 16-20, 2014
Presentations

1.

Micro-segregation and Metastable Phase Stability of Cast Ti-Zr-Hf-Ni-Pd-Pt High Entropy Alloys, Y.
Yokoyama, S. Itoh, Y. Murakami, I. Narita, G. Wang, and P. K. Liaw.

Modeling Plastic Deformation and the Statistics of Serrations in the Stress Versus Strain Curves of Bulk
Metallic Glasses, K. Dahmen, J. Antonaglia, X. Xie, J. W. Qiao, Y Zhang, J. Uh, and P. K. Liaw.

Aluminum Alloying Effects on Lattice Types, Microstructures, and Mechanical Behavior of High-entropy
Alloys Systems, Z.Tang, M. Gao, H. Y. Diao, T. F. Yang, J. P. Liu, T. T. Zuo, Y. Zhang, Z. P. Lu, Y. Q. Cheng,

Y. W. Zhang, K. Dahmen, P. K. Liaw, and T. Egami.

Characterization of Inhomogeneous Deformation and Serrated Flows in Bulk Metallic Glasses, X. Xie, J.
Antonaglia, J. W. Qiao, G. Y. Wang, Y. Zhang, Y. Yokoyama, K. Dahmen, and P. K. Liaw.

The Influence of Cu and Al on the Microstructure, Mechanical Properties and Deformation Mechanisms in
the High Entropy Alloys CrCoNiFeCu, CrCoNiFeAll.5 and CrCoNiFeCuAll5, B. Welk, B. B.
Viswanathan, M. Gibson, P. K. Liaw, and H. Fraser.

Ultra Grain Refinement in High Entropy Alloys: N. Tsuji, I. Watanabe, N. Park, D. Terada, A. Shibata, Y.
Yokoyama, P. K. Liaw.



2014 TMS meetings San Diego, CA, USA, February 16-20, 2014
Presentations (Cont’d)

7.

10.

11.

12.

Nanostructure Evolution through High-pressure Torsion and Recrystallization in a High-entropy
CrMnFeCoNi Alloy, N. Park, A. Shibata, D. Terada, Y. Yokoyama, P. K. Liaw, and N. Tsuji.
Environmental-temperature Effect on a Ductile High-entropy Alloy Investigated by In Situ Neutron-
diffraction Measurements, E. W. Huang, C. Lee, D. J. Yu, K. An, P. K. Liaw, and J. W. Yeh.

Mechanical Behavior of an Al0.1CoCrFeNi High Entropy Alloy, M. Komarasamy, N. Kumar, Z. Tang, R.
Mishra, and P. K. Liaw.

Using the Statistics of Serrations in the Stress Strain Curves to Extract Materials Properties of Slowly-
sheared High Entropy Alloys, Karin Dahmen, X. Xie, J. Antonaglia, M. Laktionova, E. Tabachnikova, J.
W. Qiao, J. W. Yeh, C. W. Tsal, J. Uh, and P. K. Liaw.

Characterizing Multi-component Solid Solutions Using Order Parameters and the Bragg-Williams
Approximation, L. Santodonato, and P. K. Liaw.

The Influence of Alloy Composition on the Interrelationship between Microstructure Mechanical
Properties of High Entropy Alloys with BCC/B2 Phase Mixtures, B. Welk, D. Huber, J. Jensen, G.
Viswanathan, R. Williams, P. K. Liaw, M. Gibson, D. Evans, and H. Fraser.



2014 TMS Meeting, San Diego, CA, USA, February 16-20, 2014
Presentations (Cont’d)

13.

14.

The Oxidation Behavior of AICoCrFeNi High-entropy Alloy at 1023-1323K (750-10500C), Wu Kai, W.S.
Chen, C.C. Sung, Z. Tang, and P. K. Liaw.

2014 TMS Meeting, San Diego, CA, USA, February 16-20, 2014 Strain-rate Effects on the Structure
Evolution of High Entropy Alloys, X.Xie, J. Antonaglia, J. P. Liu, Z. Tang, J. W. Qiao, G. Y. Wang, Y.
Zhang, K. Dahmen, and P. K. Liaw.

. 2014 TMS Meeting, San Diego, CA, USA, February 16-20, 2014 Neutron Diffraction Studies on Creep

Deformation Behavior in a High-entropy Alloy CoCrFeMnNi Under High Temperature and Low Strain
Rate, W. C. Woo, E. W. Huang, J. W. Yeh, P. K. Liaw, and H. Choo.

. 2014 TMS Meeting, San Diego, CA, USA, February 16-20, 2014 The Hot Corrosion Resistance Properties of

AlxFeCoCrNi, S. Y. Yang, M. Habibi, L. Wang, S. M. Guo, Z. Tang, P. K. Liaw, L. X. Tan, C. Guo, and M.

Jackson.

46



2014

Presentations (Cont’d)

17. University of Science and Technology, Beijing, China, June 9, 2014 (Invited) Characterization of Serrated Flows in
High-Entropy Alloys and Bulk-Metallic Glasses, P. K. Liaw.

18. Beihang University, Beijing, China, June 10, 2014 (Invited) Characterization of Serrated Flows in High-Entropy Alloys
and Bulk-Metallic Glasses, P. K. Liaw.

19. Workshop on Deformation, Damage and Life Prediction of Structural Materials, National Institute of Materials
Science, Japan, June 23-24, 2014 (Keynote) Fatigue Behavior of Bulk Metallic Glasses and High Entropy Alloys, Peter K.
Liaw.

20. 2014 Gordon Research Conferences, Hong Kong, China, July 20-25, 2014 (poster) Loading Condition Effects on the
Serrated Flows in Bulk Metallic Glasses (BMGs), X. Xie, J. Antonaglia, J. W. Qiao, Y. Zhang, G. Y. Wang, K. A. Dahmen,
and P. K. Liaw.

21. 2014 Gordon Research Conferences, Hong Kong, China, July 20-25, 2014 (poster) Loading Condition Effects on the
Serrated Flows in Bulk Metallic Glasses (BMGs), X. Xie, J. Antonaglia, J. W. Qiao, Y. Zhang, G. Y. Wang, K. A. Dahmen,
and P. K. Liaw.

22. Central South University, Changsha, Hunan, China, July 26th, 2014 (Invited) Serration Behaviors of High Entropy
Alloys and Bulk Metallic Glasses, X. Xie, J. Antonaglia, J. W. Qiao, Y. Zhang, G. Y. Wang, Y. Yokoyama, K. A. Dahmen,
and P. K. Liaw.



2014

Presentations (Cont’d)

23. Dalian University of Technology, Dalian, Liaoning, China, July 28th, 2014 (Invited) Serration Behaviors
of High Entropy Alloys and Bulk Metallic Glasses, X. Xie, J. Antonaglia, J. W. Qiao, Y. Zhang, G. Y. Wang,
Y. Yokoyama, K. A. Dahmen, and P. K. Liaw.

24. University of California, Los Angeles, California, US, October 17th, 2014 (Invited) Serration Behaviors
of High Entropy Alloys and Bulk Metallic Glasses, X. Xie, J. Antonaglia, J. W. Qiao, Y. Zhang, G. Y. Wang,
Y. Yokoyama, K. A. Dahmen, and P. K. Liaw.

25. Yale University, New Haven, Connecticut, US, October 10th, 2014 (Invited) Serration Behaviors of High
Entropy Alloys and Bulk Metallic Glasses, X. Xie, J. Antonaglia, J. W. Qiao, Y. Zhang, G. Y. Wang, Y.
Yokoyama, K. A. Dahmen, and P. K. Liaw.

26. University of Cambridge, Cambridge, United Kingdom, December 8th, 2014 (Invited) Serration
Behaviors of High Entropy Alloys and Bulk Metallic Glasses, X. Xie, J. Antonaglia, J. W. Qiao, Y. Zhang,
G. Y. Wang, Y. Yokoyama, K. A. Dahmen, and P. K. Liaw.



2015 TMS Meeting Orlando, FL, USA, March 15-19, 2015

27. Mechanical Response of Zr-based BMG after Mechanical Rejuvenation by High-Pressure Torsion, Koichi
Tsuchiya; Fanqgiang Meng; Yoshihiko Yokoyama; Karin Dahmen; Peter Liaw.

28. Strength and Deformation of Individual Phases in High-Entropy Alloys, A. Giwa; Haoyan Diao; Xie Xie;
Shuying Chen; Zhi Tang; Karin Dahmen; Peter Liaw; Julia Greer.

29. Temperature Evolution in Bulk Metallic Glasses Under Different Loading Conditions, Xie Xie; Junweli
Qiao; Gongyao Wang; Yoshihiko Yokoyama; Karin Dahmen; Peter Liaw.

30. Xe lon Irradiation Induced Surface Homogeneity in a Metallic Glass, Xilei Bian; Gang Wang; K.C. Chan;
H.C. Chen; Long Yan; Na Zheng; A. A. Teresiak; Yulai Gao; Qijie Zhai; Norbert Mattern; Jurgen Eckert;
P.K. Liaw; Karin Dahmen.

31. Modeling Plastic Deformation and the Statistics of Serrations in the Stress versus Strain Curves of Bulk
Metallic Glasses and Other Materials, Karin Dahmen; James Antonaglia; Wendelin Wright; Xiaojun Gu; Xie
Xie; Michael LeBlanc; Junwei Qiao; Yong Zhang; Todd Hufnagel; Jonathan Uhl; Peter Liaw.

49



2015 TMS Meeting Orlando, FL, USA, March 15-19, 2015

32. On the Friction Stress and Hall-Petch Coefficient of a Single Phase Face-Centered-Cubic High Entropy
Alloy, Al0.1FeCoNiCr, Nilesh Kumar, Mageshwari Komarasamy, Zhi Tang, Rajiv Mishra, and Peter Liaw.

33. Al-Co-Cr-Fe-Ni Phase Equilibria and Properties, Zhi Tang, Oleg Senkov, Chuan Zhang, Fan Zhang, Carl
Lundin, and Peter Liaw.

34. Fatigue Behavior of an Al0.1CoCrNiFe High Entropy Alloy, Bilin Chen, Xie Xie, Shuying Chen, Ke An,
and Peter Liaw.

35. Flow and Fracture Behavior of a High Entropy Alloy, Yong Zhang, Peter Liaw, and John LewandowskKi.
36. Deformation Twinning in the High-Entropy Alloy Induced by High Pressure Torsion at Room
Temperature, Gong Li1, P. F. Yu, P. K. Liaw, and R. P. Liu.

37. Segregation and Ti-Zr-Hf-Ni-Pd-Pt High Entropy Alloy under Liquid State, Y. Yokoyama, Norbert
Mattern, Akitoshi Mizuno, Gongyao Wang, and Peter Liaw.

38. Computational-Thermodynamics-Aided Development of Multiple-Principal-Component Alloys, Chuan
Zhang, Fan Zhang, Shuanglin Chen, Weisheng Cao, Jun Zhu, Zhi Tan, Haoyan Diao, and Peter Liaw.



2015 TMS Meeting (Cont’d)

39. Sputter Deposition Simulation of High Entropy Alloy via Molecular Dynamics Methodology, Yunche
Wang, Chun-Yi Wu, Nai-Hua Yeh, and Peter Liaw.

40. Microstructures and Mechanical Behavior of Multi-Component AIXCrCuFeMnNi High-Entropy Alloys,
Haoyan Diao; Zhinan An; Xie Xie; Gongyao Wang; Chuan Zhang; Fan Zhang; Guangfeng Zhao; Fuqian
Yang; Karin Dahmen; Peter Liaw.

41. The Characterization of Serrated Plastic Flow in High Entropy Alloys, Shuying Chen; Xie Xie; James
Antonaglia; Junwei Qiao; Yong Zhang; Karin Dahmen; Peter Liaw.

42. A Model for the Deformation Mechanisms and the Serration Statistics of High Entropy Alloys, Karin
Dahmen; Bobby Carroll; Xie Xie; Shuying Chen; James Antonaglia; Braden Brinkman1; Michael LeBlanc;
Marina Laktionova; Elena Tabachnikova; Zhi Tang; Junwei Qiao; Jien Wei Yeh5; Chi Lee; Che Wei Tsali;

Jonathan Uhl; Peter Liaw.

51



2015 MS&T Meeting

43. Modeling Plastic Deformation and Avalanches in Bulk Metallic Glasses and Other Materials, Karin
Dahmen; James Antonaglia; Michael LeBlanc; XJ Gu; Wendelin Wright; Xie Xie; Robert Maass; Todd
Hufnagel; Junwei Qiao; Peter K. Liaw; Yong Zhang; Susan Lehman; Don Jacobs; Jonathan Uhl.

44. The Serrated Flows in High Entropy Alloys, Shuying Chen; Xie Xie; James Antonaglia; Junwei Qiao;
Yong Zhang; Karin Dahmen; Peter Liaw.

45. The Study of the Serrated Flow in Bulk Metallic Glasses, Xie Xie; Abid Khan; Junwei Qiao; Yong
Zhang; Gongyao Wang; Karin Dahmen; Peter Liaw.

46. Serration Behavior and Pop-in Phenomena in AIxCrCuFeMnNi High Entropy Alloys, Haoyan Diao; Xie
Xie; Shuying Chen; Fugian Yang; Karin Dahmen; Peter Liaw.

52



2015 MS&T Meeting (Cont’d)

47. Small and Large Serrations During Uniaxial Compression of a Bulk Metallic Glass: Wendelin Wright;
Xiaojun Gu; Steven Robare; Kate VanNess; Todd Hufnagel; Jonathan Uhl; James Antonaglia; Yun Liu;
Xin Liu; Michael LeBlanc; Karin Dahmen; Xing Tong; Gang Wang; Jun Yi; Simon Pauly; K.A. Dahmen;
P.K. Liaw; Jurgen Eckert.

48. Investigation of Shear-Band Dynamics by Nanoindentation and Thermography for Bulk Metallic
Glasses, Xie Xie; Shu Li; Guangfeng Zhao; Peizhen Li; Shuying Chen; Fuqgian Yang; Karin Dahmen; Peter
Liaw.

49. Effects of Cohesion On Avalanche Statistics for a Slowly-Driven Conical Bead Pile: Susan Lehman;

Nathan Johnson; Catherine Tieman; Elliot Wainwright; Donald Jacobs; Karin Dahmen; Michael LeBlanc.

53



2015 MS&T Meeting (Cont’d)

50. Ferritic Superalloys with Superior Creep Resistance Reinforced by Novel Hierarchical NiAl/Ni2 TiAl
Precipitates: Gian Song; Zhigian Sun; Lin Li; Xiandong Xu; Michael Rawlings; Christian Liebscher; Bjgrn
Clausen; Jonathan Poplawsky; Donovan Leonard; Shenyan Huang; Zhenke Teng; Chain Liu; Mark Asta;
Yanfei Gao; David Dunand; Gautam Ghosh; Mingwei Chen; Morris; Peter Liaw.

51. Duplex Precipitates and Their Effects on the Room-temperature Fracture Behavior of a NiIAl-
strengthened Ferritic Alloy: Zhigian Sun; Gian Song; Jan llavsky ; Peter Liaw Grain Boundary on the
Nanoindentation Creep Behavior of Al0.3CoCrFeNi High-entropy Allay: Gong Li; Lijun Zhang ; Pengfei Yu
- P.K. Liaw.

52. Effects of lon and Neutron Irradiation on the Serration Behavior and Mechanical Properties of
Zr52.5Cul7.9Ni14.6Al10Ti5 (BAM-11) Bulk Metallic Glass: Jamieson Brechtl; Xie Xie; Peter Liaw; Steven
Zinkle.



2016 TMS Meeting

53. Effect of Composition on Mechanical Rejuvenation by HPT Deformation in Zr-Cu-Al-Ni Metallic Glass,
Koichi Tsuchiya; Jiang Qiang; Seiichiroll; Shinji Kohara; Koji Ohara; Osami Sakata; Karin Dahmen; Peter
Liaw.

54. Temperature Dependent slip Avalanche Statistics in Bulk Metallic Glasses — Experiments and Model,
Corey Fyock; Peter Thurnheer; Robert Maass; Michael LeBlanc; Peter Liaw; Jonathan Uh; Joerg Loeffler;
Karin Dahmen.

55. Nanoindentation for Bulk Metallic Glasses, Xie Xie; Guangfeng Zhao; Peizhen Li; Shuying Chen; Fugian
Yang; Karin Dahmen; Peter Liaw.

56. A Statistical Study of the Potential-scan-rate and Al-content Dependent Metastable Pitting (Serration)
Behavior of AlxFeCoCrNi High-entropy Alloys, Yunzhu Shi; Bin Yang; Xie Xie; Zhi Tang; Karin Dahmen;

Peter Liaw.

55



2016 TMS Meeting (Cont’d)

57. Serrated Plastic Flow in CoFeMnNi, CoCrFeMnNi, and CoCrFeNi High Entropy Systems: Joseph
Licavoli; Karin Dahmen; Paul Jablonski; Michael Gao; Peter Liaw; Jeffrey Hawk.

58. Serrated Flows in High Entropy Alloys (HEAS), Shuying Chen; Peter Liaw; Xie Xie; Karin Dahmen; Yong
Zhang; Junwei Qiao.

59. A Model for the Deformation Mechanisms and the Serration Statistics of High Entropy Alloys, Karin
Dahmen; Robert Carroll; Xie Xie; Shuying Chen; Michael LeBlanc; Jien Wei Yeh; Chi Lee; Che Wei Tsai;
Peter Liaw; Jonathan Uhl.

60. Exploring the Structure-composition Design Space in Multi-component Alloy Systems Using Nature
Inspired Optimization Algorithms: Aayush Sharma; Rahul Singh; Peter Liaw; Ganesh Balasubramanian.

61. Time-dependent Mechanical Properties of Metallic Glass via Molecular Dynamics Simulations: Yunche
Wang; Nai-Hua Yeh; Peter Liaw.

62. Deformation and Structural Modeling of a Quenched Al0.1CrCoFeNi Multi-principal Element Alloy

under High Strains: Aayush Sharma; Peter Liaw; Ganesh Balasubramanian. .



2016 TMS Meeting (Cont’d)

63. Microstructural Evolution of Single Ni2TiAl or Hierarchical NiAI/Ni2TiAl Precipitates in Fe-Ni-Al-Cr-Ti
Ferritic Alloys during Thermal Treatment: Gian Song; Yanfei Gao; Zhigian Sun; Jonathan Poplawsky; Peter
Liaw.
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Chen, and Peter K. Liaw
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120. Heat-treatment Effect on the Serrated Flows in AIXCoCrFeNi (x = 0.1, 0.3, 0.5, and 0.7) High-entropy
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67



2017 TMS Meeting

125. Formation and Properties of Biodegradable Mg-Zn-Ca-Sr Bulk Metallic Glasses for Biomedical
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148. Predicting Structural and Chemical Properties of Mo-based Refractory High entropy Alloys, Aayush
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Chen; Weisheng Cao; Jun Zhu; Haoyan Diao; Peter Liaw
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Li; John J Lewandowski; Karin A Dahmen; Peter K Liaw

156. Aluminum Diffusion in High Entropy Alloys, K. Michael Mathes; Thanh Tran; Peter Liaw.

157. Dynamic Behavior and Grain Refinement of AlxCoCrFeNi High-entropy Alloy, Zezhou Li; Shiteng Zhao;
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Conclusion on Experiments and Mean Field Model:

1. Fit-free model predictions for the statistics of slips (noise) in the stress strain
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2. Stress dependence in nm scale HEAs

Agrees with previous results spanning 12 decades in length:
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3. New general method to
avoid low time resolution effects
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Summary

* For Al,.CoCrCuFeNI HEA:

» The serration behavior is observed in the compression experiments conducted in the
temperature range of RT - 700 °C, with strain rates of 2 x 10-3/s, 2 x 10%/s, and 5 x
10-/s;

» On one hand, the stress-drop amplitudes increase with increasing temperature and
reach the maximum value, then, decrease to a minimum value. On the other hand,
the stress-drop magnitude decreases with increasing the strain rate.

| RT [ socc_ | 4oeC_ | 500°C_ | 600°C | 700°C

2 X 1073/s None None

2 X 104/s None A A A+B C None
5x 10-%/s A A A A+B B+C None
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Characterization of serration behavior (Cont’d)

1400
AIO_SCoCrCuFeNi
-3 T . - -5
2.5x10 . Strain rate: 5 x 10°%/s
300°C
-3 7 ’ 400°C
- 2 9x10= > « =y 600°C
None = 8004 700°C
- g 1 ao0o0°c
—
W 1.5x10° — £ 600-
= I Type A (77
- Type C
.2‘! Type D 400 —
C -3 _ Type A+ B 1
o 1.0x10 x Type B +C 200 -
= | < None
(4°]
= 0 T T T - T T
& 5.0x10™ — o 5 10 15 20 25
2x10%s |None Strain (%)
______ > <« |
T _7.02 566 ey 1
5 x 10/s Type A o, U
T o T T T T T T — T T . T — 1
0 5 10 15 20 25 30 35
-5.0x10™* ' Strain (%)

0 IOO —— — - — - — - -

T (°C)
» At high temperatures or low strain rates, type C serrations tend to occur, while at low temperatures or high strain rates, type A serrations
tend to appear, which could be ascribed to the different mechanism of interaction between solutes and moving dislocations



Characterization of serration behavior (Cont’d)
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Solution: Subtracting out the elastic response
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Assessing if the time resolution is sufficient: plot the

number of avalanches versus time between data points
(Physical Review E 94, 052135 (2016))
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Modeling slip avalanches (the noise) in stress — strain curves
of High Entropy Alloys on macroscopic and microscopic scales

Stress vs Time for Strain Rate 2E-4 /s for various temperatures
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Experiments by S.. Chen and P. Liaw. Data analysis and theory: Shu Li and K. Dahmen, preprint 2017. *



Stress versus time curves

Chi Lee, Che-Wei Tsai, Jien Wie Yeh, Peter Liaw, Bobby Carroll, Michael LeBlanc, Braden Brinkman, Jonathan T. Uhl,

Stress (MPa)

Type A Stress vs Time

260 2280 231
Time (s)

Type C example from CoCrFeNi 600°C at 104/s strain

rate.

Karin Dahmen

TYPE A: CoCrFeMnNi at 375°C at 10%/s strain rate
— Exhibits power law slip size distributions with the
mean field exponent k=1.5!

Type B example from CoCrFeNi at 104/s
strain rate.
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Slip Size Distributions for different materials and temperatures

Chi Lee, Che-Wei Tsal, Jien Wie Yeh, Peter Liaw,
Bobby Carroll, Michael LeBlanc, Braden Brinkman, Jonathan T. Uhl, Karin Dahmen

Type A or close to Type A Types B and C
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Weakening € ~ Dislocation-Pinning-Rate(T)/Strain-Rate
=> Expect Identical Slip Statistics for
Dislocation-Pinning Rate ~ exp[-Energybarrier/(k*Temperature)] ~ Strain-Rate

Serration PLC-Bamd
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Serration statistics for different compositions:
Less components implies slower pinning rate (Jien-Wie Yeh)
=> Less components means smaller weakening €

Complementary Cumulative Distribution Function (CCDF)
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Many predictions from the simple mean field model for
crackling noise statistics, time series properties, etc.

Description Exponent (i.e. slope) MFT model
prediction

Avalanche size distribution D(S,F)

Cutoff of avalanche size distribution D(S,F) 1/o 2
Distribution of max stress drop rates D(Vinax) H 2
Distribution of square of max stress drop rates D(V,,,2) 3/2
Avalanche duration distribution D(T,F) 1+(k-1)/ovz 2
Cutoff of avalanche duration distribution D(T,F) vz 1
Distribution of avalanche energies D(E,F) 1+(xk-1)/(2-ouz) 4/3
Cutoff of distribution of avalanche energies D(E,F) (2-ovz)/o 3
Average avalanche size versus duration <S> 1/ouz 2
Average avalanche duration versus size <T> ouz 1/2
Average energy versus size <E> 2-0uz 3/2
Stress drop rate profiles at fixed duration <V(t)|T> 1/ovz-1 1
Power Spectra of stress drop rates P(w) 1/ouz 2
Strain Rate versus stress, .... etc dy/dt B 1

KD, Ben-Zion, Uhl, PRL 2009, Nature Phys. 2011, Tsekenis, Uhl, Goldenfeld, KD, EPL 2013, PRL 2012, LeBlanc, Angheluta, Goldenfeld, KD PRE 2013, James Antonaglia,
Wendelin J. Wright, Xiaojun Gu, Rachel R. Byer, Todd C. Hufnagel, Michael LeBlanc, Jonathan T. Uhl, and Karin A. Dahmen, PRL 2014, J. Antonaglia, X.Xie, M. Wraith,
J.Qiao, Y. Zhang, P.K. Liaw, J.T. Uhl, and K.A. Dahmen, Nature Scientific Reports 4, 4382 (2014). 88
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