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Objectives
• To provide the fundamental understanding of the serration behavior for low

entropy alloys (LEAs), medium entropy alloys (MEAs), and high-entropy alloys
(HEAs) through

• To develop and test serration-based models to predict the mechanical
performance and creep behavior for long-term fossil-energy applications of
HEAs
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Mechanical experiments

Slip-avalanche modeling
Theoretical analysis
Comparing model predictions to experimental results



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 face-centered cubic (FCC), body-centered cubic (BCC), and hexagonal-
closed-packed (HCP) structures

High Entropy Alloys (HEAs)

Advantages of HEAs:

 Great high-temperature
properties and ductility

 Strong fatigue resistance
 Balanced mechanical and

magnetic behavior
 High wear and fracture resistance
 Elevated-temperature

softening resistance

BCC: Body-Centered Cubic
FCC: Face-Centered Cubic
HCP: Hexagonal-Closed-Packed

*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)
*M. A. Hemphill, T. Yuan, G. Y. Wang, J. W. Yeh, C. W. Tsai, A. Chuang, and P. K. Liaw, Acta Materialia 60, 5723 (2012).
*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).
*K. M. Youssef, A. J. Zaddach, C. Niu, D. L. Irving, and C. C. Koch, Materials Research Letters, 2014, pp. 1-5.
*B. Gludovatz, A. Hohenwarter, D. Catoor, E. H. Chang, E. P. George, and R. O. Ritchie,, Science, 2014, 345(6201), pp. 1153-8. 5

(a) BCC (b) FCC (C) HCP



Comparison with Other Materials
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 An Ashby map showing the range of yield strength (σy) versus Young’s modulus for HEAs and other materials

*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).
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HEAs  

MEAs

LEAs

ΔSconf ≤ 0.69R

0.69R < ΔSconf < 1.5R

ΔSconf ≥ 1.5R

n = 1, 2 (LEAs); 

n = 3, 4 (MEAs); 

n ≥ 5 (HEAs)

R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. Chen, P. K. Liaw and K. A. Dahmen, Scientific Reports,
2015, 5, p. 16997.

Low high entropy alloys (LEAs), Medium high entropy alloy (MEAs), and High entropy 
alloys (HEAs) could be defined by:
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Experimental procedures and results
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Experimental procedure: 

Five alloys, from low entropy to high entropy, were studied as below:
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Number of 
elements Ni CoNi CoFeNi CoCrFeNi CoCrFeMnNi

LEAs √ √
MEAs √ √
HEAs √
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Experimental procedures: 

Five alloys, from low entropy to high entropy, were studied:

Method: Arc-melting + cold rolling (reduction: 65%) + homogenization 

treatment at 1,100 ℃ for 6 hours

Tensile test strain rates: 10-5/s to 10-2/s

Tensile test temperatures: 275 to 700 ℃
Plate samples: 10 x 43 x 1 mm



Tensile experiments
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P. Rodriguez, "Serrated plastic flow", Bull. Mater. Sci., 1984, 6(4), pp. 653-663.
R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. Chen, P. K. Liaw and K. A. Dahmen, Scientific Reports,
2015, 5, p. 16997.

10-4/s
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Alloy Temperature (℃) Serration behavior Serration Type

Ni

300 None None

400 None None

500 None None
600 None None
700 None None

CoNi

300 None None
400 None None
500 None None
600 None None
700 None None

Serration types of LEAs at 10-4/s 

R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. Chen, P. K. Liaw and K. A.
Dahmen, Scientific Reports, 2015, 5, p. 16997.
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Alloy Temperature (℃) Serration behavior Serration Type

CoFeNi

300 None None

400 Yes B

500 Yes B

600 None None

700 None None

CoCeFeNi

300 Yes B

400 Yes B

500 Yes B

600 Yes C

700 None None

Serration types of MEAs at 10-4/s 

R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. Chen, P. K. Liaw and K. A.
Dahmen, Scientific Reports, 2015, 5, p. 16997.
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Alloy Temperature (℃) Serration behavior Serration Type

CoCeFeMnNi

275 None None

300 Yes A/B

325 Yes A

350 Yes B

375 Yes B

400 Yes B

500 Yes B

600 Yes C

620 Yes C

650 None None
700 None None

Serration types of HEAs at 10-4/s 

R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. Chen, P. K. Liaw and K. A.
Dahmen, Scientific Reports, 2015, 5, p. 16997.
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None

Type B

Type C

Type A

Comparison of Serration types of LEAs, MEAs, and HEAs 

R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. Chen, P. K. Liaw and K. A.
Dahmen, Scientific Reports, 2015, 5, p. 16997.

10-4/s 
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Strain-rate Temperature (℃) Serration behavior Serration Type

1 x 10-2/s

300 None None
400 Yes A
500 Yes A
600 Yes A

1 x 10-3/s

300 Yes A
400 Yes A
500 Yes B
600 Yes B

1 x 10-4/s

300 Yes A
400 Yes B
500 Yes B
600 Yes C

CoCrFeMnNi alloy tested with various strain rates

R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. Chen, P. K. Liaw and K. A.
Dahmen, Scientific Reports, 2015, 5, p. 16997.



Modeling slip avalanches (the noise) in stress – strain curves
of High Entropy Alloys 

Experiments by Jien Wie Yeh et al.: High Entropy Alloy under tension, Related data: P. Liaw, O. Senkov, D. Miracle, et al.17



Our Simple Analytic Model of Plasticity
(Dahmen, Ben-Zion, Uhl, PRL 2009, Nature Physics 2011)

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 2 and 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. Strain

773 K
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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
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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).

time

N
um

be
r o

f w
ea

k 
sp

ot
s 

sl
ip

pi
ng

 



21

S-0.5

Slip avalanche 
Size S

Number of avalanches 
larger than size S

For zero weakening model predicts power law scaling behavior 
of avalanche size distributions 

For finite weakening:
also large avalanches

“small” 
avalanches



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

Avalanche size distribution D(S,F) κ 3/2 for PDF and ½ for CCDF

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).
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For High Entropy Alloys  (Dynamic Strain Aging):
Weakening ε depends on Temperature T and Strain-Rate

Observe Serrations for 300 C < Temperature < 600 C
In this range, higher temperature means faster (stronger) pinning of 
dislocation => greater “weakening” when  dislocations break loose

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

23



Weakening ε Dislocation-Pinning-Rate(T)/Strain-Rate 
=> Expect Identical Slip Statistics for

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

Temperature
(℃)

Serration 
behavior

Serration 
Type

1 x 10-2/s 300 None None
400 Yes A
500 Yes A
600 Yes A

1 x 10-3/s 300 Yes A
400 Yes A
500 Yes B
600 Yes B

1 x 10-4/s 300 Yes A
400 Yes B
500 Yes B
600 Yes C



For fixed (slow) strainrate:
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Slip size distributions for High Entropy Alloys Agree with 
Mean Field Model Predictions: 

Higher temperature means higher “weakening” parameter, ε

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, Scientific Reports 5, 16997 (2015).
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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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Comparing Model Predictions to Experiments 
Spanning 12 Decades in Length Scale 
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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)

Experiments agree with mean field model predictions: 
for exponents and scaling functions 

Model prediction
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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 agree with mean field model predictions: 
for exponents and scaling functions 

Experiments on 5 Systems agree:

COLLAPSE

Model Prediction

Experiments

Slip avalanche Size
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MS&T Symposium:

COLLECTIVE PHENOMENA IN MATERIALS (3)

To be held at the 2015 Materials Science and Technology (M S&T) Conference,
October 23-27, 2016, Salt Lake City, UT

ABSTRACT DEADLINE: March 31st, 2016

www.matscitech.org

Papers will be published in Metallurgical and Materials Transactions.

K.A. Dahmen P. K. Liaw, Dr. G. Y. Wang and Dr. Xie Xie
University of Illinois at Urbana Champaign The University of Tennessee, Knoxville
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Conclusions for High Entropy Alloys

For LEAs (Ni and CoNi), MEAs (CoFeNi and CoCrFeNi), and HEA (CoCrFeMnNi)

with a single FCC structure, large serration phenomena are only found in MEAs and

HEA, which is in remarkable agreement with the predictions of a simple MFT model.

The MFT theory thereby provides the first quantitative explanation for the observed

serration statistics and their dependence on temperature, strain rate, and composition

of LEAs, MEAs, and HEAs.

The results of this study can be used for (1) materials evaluation and (2) alloys design

with prescribed serration properties in desired temperature and strain-rate ranges.
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Dissemination of results: 

• 33 Papers published in Scientific Journals (Nature

Communications, Scientific Reports,….).

• More than 79 Presentations at national and international

Conferences, Workshops, Universities, and National Labs.
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Kecskes; Peter Liaw; Xidong Hui; Zi-Kui Liu.

19. Atomic and Electronic Basis for Viscous Flow Mediated Avalanches of Ultrastrong Refractory High Entropy

Alloys: William Yi Wang; ShunliShang; Yi Wang; Yidong Wu; Kristopher Darling; Xie Xie; Oleg Senkov;

Laszlo Kecskes; Karin Dahman; Xidong Hui; Peter Liaw; Zi-Kui Liu.

20. Microstructure and Mechanical Properties of YxCoCrFeNi High Entropy Alloys: Gong Li; Huan Zhang; Lijun

Zhang; Pengfei Yu; HuCheng; Qin Jing; Mingzhen Ma; P. K Liaw; Riping Liu.

21. Microstructures and Properties of CoFeMnNiX ( X = Al, Ga, Sn ) High Entropy Alloys: Ting Ting Zuo; Xiao
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23. Microstructural Characterization and Phase Evolution of Al1.5CrFeMnTi and Al2CrFeMnTi: Rui Feng;

Chanho Lee; Peiyong Chen; Michael Gao; Chuan Zhang; Fan Zhang; Peter Liaw.

24. Computational-Thermodynamics-Aided Development of Lightweight High Entropy Alloys: Chuan Zhang;

Jun Zhu; Fan Zhang; Shuanglin Chen; Chuan Zhang; Rui Feng; Shuying Chen; Haoyan Diao; Peter Liaw.

25. A Novel, Single Phase, Refractory CrMoNbV High-entropy Alloy: Rui Feng; Michael Widom; Michael

Gao; Peter Liaw.

26. Microstructural Characterization and Mechanical Experiments of Light-weight AlxCrFeMn High-Entropy

Alloys: Peiyong Chen; Chanho Lee; Rui Feng; Michael Gao; Fan Zhang; Chuan Zhang; Peter Liaw.
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2016, 2015, 2014 other invited lectures at conferences:
1. Workshop of the National Academies of Sciences Engineering, and Medicine: Workshop on Emerging and timely

capabilities and research objectives: High Entropy Materials, Ultra-strong Molecules and Nanoelectronics:

“Universal Slip Statistics in theory and experiments”, Karin Dahmen and Peter Liaw.

2. 2016 Conference on avalanches, plasticity and nonlinear response in nonequilibrium solids, Kyoto, Japan,

Universal Slip Statistics in theory and experiments, 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, Peter K. Liaw, Thorsten Becker, Georg Dresen, and Karin Dahmen.

3. Annual Symposium of the Center for Advanced Study, University of Illinois at Urbana Champaign, Universal slip

statistics: from nanocrystals to earthquakes, National Academy of Sciences, Karin Dahmen, Jonathan Uhl, and

Yehuda Ben-Zion.

4. Frontiers In Physics, Pattern Formation, and Complex Materials Far From Equilibrium: Universal slip statistics:

from nanocrystals to earthquakes, National Academy of Sciences, Karin Dahmen, Jonathan Uhl, and Yehuda Ben-

Zion.
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2016, 2015, 2014 other invited lectures at conferences, cont’d:
5. Universal slip statistics: from nanocrystals to earthquakes, KITP conference on Complexity in mechanics: 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, Peter K. Liaw, Thorsten Becker, Georg Dresen, and Karin Dahmen

6. Conference Keynote Presentation at "Deformation, Damage, and Life Prediction of Structural Materials“,, Tuned-

critical quake statistics; from nanocrystals to bulk metallic glasses to earthquakes”, Karin Dahmen, Jonathan Uhl, Peter

Liaw, Wendelin Wright, Todd Hufnagel, Julia Greer.

In addition to these conference talks there were more than 9 Invited Colloquia presented at Universities and National Labs,

including Argonne National Lab, Cornell University, University of Wisconsin Madison, Penn State University, Notre Dame

University, Toronto University, University of Vancouver, University of Victoria, and Duke University.



Conclusion and Future Use of 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
• Nano-crystals, Microcrystals
• Bulk Metallic Glasses
• Granular Materials 
• Rocks
• Earthquakes

2. Planned Future Work: 

• Compare more quantities with the model predictions
• Extract information on the microstructure of materials 
• Possibly materials testing and creep-life prediction 
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Conclusions for High Entropy Alloys

For LEAs (Ni and CoNi), MEAs (CoFeNi and CoCrFeNi), and HEA (CoCrFeMnNi)

with a single FCC structure, large serration phenomena are only found in MEAs and

HEA, which is in remarkable agreement with the predictions of a simple MFT model.

The MFT theory thereby provides the first quantitative explanation for the observed

serration statistics and their dependence on temperature, strain rate, and composition

of LEAs, MEAs, and HEAs.

The results of this study can be used for (1) materials evaluation and (2) alloys design

with prescribed serration properties in desired temperature and strain-rate ranges.
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Thank you for your attention!



Tensile deformation at different temperatures and comparison to theory

Experiment: Chi Lee, Che-Wei Tsai, Jien Wie Yeh, Peter Liaw, 
Theory and Data Analysis: Robert Carrol, Michael LeBlanc, Jonathan T. Uhl, Karin Dahmen,

Scientific Reports 2015

1

1. http://www.instron.com/fileuniverse/live/images/Sitewide/Detail2_5900_Extend_Main_Retrofit_Image.jpg 2. Courtesy of Dr. Jien-Wei Yeh

1. CoCrFeMnNi cut into strips

2. Strips tensile-stretched at different temperatures

3. Stress data recorded

I. Experimental Procedure

II. Data Analysis
Size distributions compiled 
and compared with theory
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Dimensions of the tensile specimen used in all experiments.

All numbers are in mm. R indicates the radius of curvature.

Thickness: 1 mm

Three or four test specimen were used for each condition.

R. Carroll, C. Lee, C. W. Tsai, J. W. Yeh, J. Antonaglia, B. A. Brinkman, M. LeBlanc, X. Xie, S. 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, pp. 16997. 64
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