
Investigators: Karin A. Dahmen1 and Peter K. Liaw2

Students: Robert Carroll1, Shu Li1, and Shuying Chen2,

Collaborators: Chi Lee3, Che-Wei Tsai3, Jien-Wei Yeh3, James Antonaglia1, Braden A. W. Brinkman1, Michael 

LeBlanc1, Xie Xie2,  Joseph James Licavoli 4, Jeff  Hawk 4, Paul Jablonski 4, and Michael Gao 4

1

1Department of Physics, University of Illinois at Urbana Champaign, USA
2Department of Materials Science and Engineering, The University of Tennessee, USA

3Department of Materials Science and Engineering, National Tsing Hua University, Taiwan
4National Energy Technology Laboratory, USA

Project Number: DE-FE-0011194
Research Area:
Topic B: High Performance Materials for Long-Term Fossil Energy
Applications

SERRATION BEHAVIOR OF HIGH-ENTROPY ALLOYS (HEAs)
Project: FE0011194



We are very grateful to

(1) Jessica Mullen

(2) Steven R. Markovich

(3) Patricia Rawls

(4) Vito Cedro

(5) Richard Dunst

(6) Susan Maley

(7) Robert Romanosky

(8) Regis Conrad 

(9) National Energy Technology Laboratory (NETL)  

for sponsoring this project

Acknowledgements

2



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.

• Summary
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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

High Entropy Alloys (HEAs)

Advantages of HEAs:

 Great high-temperature
properties and ductility

 Strong fatigue and fracture resistance
 Balanced mechanical and

magnetic behavior
 High wear resistance
 Elevated-temperature

softening resistance

1. J. W. Yeh, S. K. Chen, S. J. Lin, J. Y. Gan, T. S. Chin, T. T. Shun, C. H. Tsau, and S. Y. Chang, Adv. Eng. Mater. 6, 299 (2004).
2. B. Cantor, I. T. H. Chang, P. Knight, A. J. B. Vincent, Mater. Sci. Eng. 375: 213-218., (2004).
3. Y. Zhang, T. T. Zuo, Z. Tang, M. C. Gao, K. A. Dahmen, P. K. Liaw, and Z. P. Lu, Prog. Mater. Sci. 61, 1 (2014).
4. L.J. Santodonato, Y. Zhang, M. Feygenson, C.M. Parish, M.C. Gao, R.J. Weber, J.C. Neuefeind, Z. Tang, P.K. Liaw. Nat. Commun. 6:5964 (2015).
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(a) BCC-5 principal elements (b) FCC-5 principal elements (c) HCP-5 principal elements
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Comparison of fatigue properties with other alloys

1. Tang Z, Yuan T, Tsai C-W, Yeh J-W, Lundin CD, Liaw PK. Fatigue behavior of a wrought Al0.5CoCrCuFeNi two-phase
high-entropy alloy. Acta Materialia 2015; 99:247-258.
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EL: Endurance limit; UTS: Ultimate tensile strength
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1. B. Gludovatz, A. Hohenwarter, D. Catoor, E. H. Chang, E. P. George, and R. O. Ritchie, Science, 2014, 345(6201), pp. 1153-

1158.

Comparison with Other Materials (Cont'd)

Fracture Toughness vs. Yield Strength Comparison of HEAs, Conventional Alloys, and Bulk Metallic Glasses (BMGs)

(CrMnFeCoNi at 77K)



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 jumps in stress-strain curves

1. P. Rodriguez, "Serrated plastic flow", Bull. Mater. Sci., 1984, 6(4), pp. 653-663.
2. R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. Y. Chen, P. K. Liaw and K. A.

Dahmen, Scientific Reports, 2015, 5, p. 16997. 7

Strain rate: 10-4/s

Type A: CoCrFeMnNi 300℃

Type B: CoCrFeMnNi 400℃

Type C: CoCrFeMnNi 600℃



Microstructure at room temperature

Al0.5CoCrCuFeNi

 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
8

Advanced Photon Source, Argone national laboratory

High-Energy Synchrotron 
X-ray interdendrite

dendrite



 Energy-dispersive x-ray spectroscopy (EDS) mappings show that the 
interdendrite is exclusively rich in Cu, consistent with previous 
investigation. 
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1. 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.
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Compression results

RT
300°C
400 °C
500 °C
600 °C
700 °C



Compression results (Cont’d)
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Compression results (Cont’d)
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Characterization of serration behavior (Cont’d)
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 High or low temperature cannot stimulate
the serrated flow. Only a certain temperature
range (300 - 600 ℃ in our study) can be
helpful

 Low strain rate is easier for solutes to
catch the moving dislocations, resulting in
higher stress drop



Review: Our Simple Analytic Model of Plasticity
(Dahmen, Ben-Zion, Uhl, PRL 2009, Nature Phys. 2011, 
Carroll, et al. Scientific Reports 2015)

One Tuning Parameter:                                
• Weakening ε
• Applied to Crystals, Bulk Metallic Glasses, HEAs

Two Experimentally Relevant Loading Conditions:
• Linearly increasing strain loading condition
• Linearly increasing stress loading condition

EXACT Predictions in 3 Dimensions (no fitting)
• Histograms of slip-sizes, durations, power spectra, …
• Brittle (ε > 0), ductile (ε = 0) & hardening materials (ε < 0)

Predictions agree with first experiments, 
Many predictions for future experiments…

Strain-rate v

Stress F
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Liaw, et al.

Stress vs. Time 
(Chen & Liaw) 
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Main Idea of the simple (mean field) model:
Shear material:

1. Weak spot slips and weakens
triggers other weak spots to slip in a Slip Avalanche, 
weak spots reheal

2. Repeat      
Slip Avalanche

16



ε > 0

Interpretation through the model:

 weakeningdynamic /)( =−= sds τττε

weakening (ε > 0)
during failure avalanche:

failed regions get weakened by O(ε)

reheal to old strength after avalanche

Stress 
τ

Time t
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Model predictions agree with initial experimental results on the slip statistics at 
different temperatures and strain rates. (Work in progress).
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S-0.5

Slip avalanche 
Size S

Number of avalanches 
larger than size S

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

For finite weakening:
also large avalanches

“small” 
avalanches



For High Entropy Alloys  (Dynamic Strain Aging):
Serrations in temperature widow: for 300°C < Temperature < 600 °C

Model: Weakening ε depends on Temperature & Strain-Rate
In this range, higher temperature means faster (stronger) pinning of 
dislocation => greater “weakening” when  dislocations break loose

Weakening ε ~ Dislocation-Pinning-Rate (T)/Strain-Rate  

20

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, S.Y. Chen, J.W. Yeh, 
data analysis and theory: Shu Li, B. Carrol, K.A. Dahmen) 
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Strain Rate

(/s)

Temperature

(℃)

Serration 

Behavior

PLC- Band 

Type

2E-3 400 Yes A or D 

500 Yes A

2E-4 400 Yes A

500 Yes A/B

600 Yes C

700 None

5E-5 400 Yes A

500 Yes A/B 

600 Yes B/C 

Al0.5CoCrCuFeNi  (compression)                  CoCrFeMnNi (tension)

Experiments on different materials agree with model predictions:  
higher temperature ⇒ higher weakening ⟹ materials transitions from A to B to C  PLC bands 
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Slip size distributions for High Entropy Alloys agree with 
Mean Field Model Predictions: 

Higher temperature means higher “weakening” parameter ε

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)
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Comparison of model predictions to 
nanopillar compression experiments
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Model agrees with HEA Nano-Pillar Compression 
Yang Hu, Shu Li, Wei Guo, Peter Liaw, KD, and Jian-Min Zuo, submitted (2016)

(Al0.1CoCrFeNi)

Increase 
stress

Model prediction:
D(S) ~ 1/sκ D(s (F-Fc)1/σ)  with  κ = 1.5 and σ = 2   
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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 Hufnagel, 
Andrew Jennings, Julia R. Greer, P.K. Liaw, Thorsten Becker, Georg Dresen, and  KD     (Scientific Reports, 2015)

Mean Field Model Prediction:

Experiments spanning 12 decades in size agree with HEA experiments on 
macroscopic samples and nm samples and 

with mean field model predictions:
Experiments on 5 Systems agree:

COLLAPSE

Model Prediction

Experiments

Slip avalanche Size
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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 

curves agree with experimental data on:
• High Entropy Alloys (macro and nano scale):
Dependence on temperature, strain rate, stress.
• Largest serrations seen within 
300°C < Temperature < 600 °C
• Larger serrations for slower strain rates

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 
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nm scale HEAs:
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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 

curves agree with experimental data on:
• High Entropy Alloys (macro and nano scale):
Dependence on temperature, strain rate, stress.
• Largest serrations seen within 
300°C < Temperature < 600 °C
• Larger serrations for slower strain rates

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 
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nm scale HEAs:



Summary
• For Al0.5CoCrCuFeNi HEA:

The serration behavior is observed in the compression experiments conducted in the

temperature range of RT - 700 ℃, with strain rates of 2 × 10-3/s, 2 × 10-4/s, and 5 ×

10-5/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 300℃ 400℃ 500℃ 600℃ 700℃

2 x 10-3/s None D D A C None

2 x 10-4/s None A A A + B C None

5x 10-5/s A A A A + B B + C None
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Slip Avalanches in High Entropy Alloys and other Materials
Graduate Students:
Michael LeBlanc, Braden 
Brinkman, Tyler Earnest
Nir Friedman, 
Georgios Tsekenis , Will 
McFaul, Mo Sheikh, Patrick 
Coleman, Shu Li
Undergrad Students:
Robert Carroll, Jim 
Antonaglia, Aya Nawano, 
Gregory Schwarz, Abid Khan, 
Xin Liu, Shivesh Pathak, Shu 
Li, Corey Fyock, James 
Beadsworth, Jordan Sickle, 
John Weber, Shuyue Zhang

Outside Theory Collab.: 
Simple Plasiticity Model:
K.Dahmen, Y. Ben-Zion, J.T. Uhl
Earthquakes:
D.S. Fisher, S.Ramanathan, KD
Magnets: J.P. Sethna , KD

Experiments:
Nanocrystals/HEAs
J. Greer, A. Jennings, R.  Maass 
(Caltech, UIUC), Jimmy  Zuo, 
Yang Hu, Jien-Wie Yeh, P. 
Liaw, Shuying Chen, Haolin
Diao, Joseph Licavoli
Amorphous Materials:
J. Greer, T. Hufnagel, P.  Liaw, 
Y. Li, R. Maass, J. Qiao, E. Salje, 
K. Tsuchiya, W. Wright, X. Xie Y. 
Zhong, 
Granular Materials:  B. 
Behringer, B. Hartley, K. 
Daniels, M Schroeter,
P. Schall, D. Denisov

Rocks:  D. Schorlemmer, T. 
Becker, G. Dresen (Berlin)
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 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

2 × 10-4/s

5 × 10-5/s

2 × 10-3/s

Characterization of serration behavior (Cont’d)
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Characterization of serration behavior (Cont’d)



Solution: Subtracting out the elastic response
(Physical Review E 94, 052135 (2016))
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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

Experiments by S.Y. Chen and P. Liaw.  Data analysis and theory: Shu Li and K. Dahmen, preprint 2017.

Time (seconds)

St
re

ss
(M

Pa
)
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TYPE A: CoCrFeMnNi at 375°C at 10-4/s strain rate 
– Exhibits power law slip size distributions with the 
mean field exponent κ=1.5!

Type B example from CoCrFeNi at 10-4/s 
strain rate. 

Type C example from CoCrFeNi 600°C at 10-4/s strain 
rate. 

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

Karin Dahmen
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Type A or close to Type A Types B and C

Slip Size Distributions for different materials and temperatures

Chi Lee, Che-Wei Tsai, Jien Wie Yeh, Peter Liaw, 
Bobby Carroll, Michael LeBlanc, Braden Brinkman, Jonathan T. Uhl, Karin Dahmen
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Weakening ε ~ Dislocation-Pinning-Rate(T)/Strain-Rate 
=> Expect Identical Slip Statistics for

Dislocation-Pinning Rate ~ exp[-Energybarrier/(k*Temperature)] ~ Strain-Rate 

Lo
g 

[1
/s

tr
ai

nr
at

e]

1/temperature (K-1)
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Serration statistics for different compositions:
Less components implies slower pinning rate (Jien-Wie Yeh)

=> Less components means smaller weakening ε
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Description Name Exponent (i.e. slope) MFT model
prediction

Avalanche size distribution D(S,F) κ 3/2

Cutoff of avalanche size distribution D(S,F) 1/σ 2

Distribution of max stress drop rates D(Vmax) μ 2

Distribution of square of max stress drop rates D(Vmax
2) 3/2

Avalanche duration distribution D(T,F) 1+(κ-1)/συz 2

Cutoff of avalanche duration distribution D(T,F) υz 1

Distribution of avalanche energies D(E,F) 1+(κ-1)/(2-συz) 4/3

Cutoff of distribution of avalanche energies D(E,F) (2-συz)/σ 3

Average avalanche size versus duration <S> 1/συz 2

Average avalanche duration versus size <T> συz 1/2

Average energy versus size <E> 2-συz 3/2

Stress drop rate profiles at fixed duration <V(t)|T> 1/συz-1 1

Power Spectra of stress drop rates P(ω) 1/συz 2

Strain Rate versus stress, ….   etc dγ/dt β 1

Many predictions from the simple mean field model for 
crackling noise statistics, time series properties, etc.

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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