COPYRIGHT © 2017, M. Modarres

I .. e

Thermodynamics of Damage: A
Reliability Engineering Perspective

. BN = B

Mohammad Modarres

Presented at
Department of Materials Science and Engineering Seminar
UCLA, Los Angeles CA

February 17, 2017

Department of Mechanical Engineering
University of Maryland, College Park, MD 20742, USA  srsir,.
) o

=
I . . EE— 18

56
1 2 A
TRvL

3



COPYRIGHT © 2017, M. Modarres

Acknowledgments

‘

The Team:

Dr. Anahita Imanian (Former PhD Student)

Dr. Mehdi Amiri (Postdoc)

Dr. Ali Kahirdeh (Postdoc)

Dr. Victor Ontiveros (Former PhD Student)

Mr. Huisung Yun (Current PhD candidate)

Ms. Christine Sauerbrunn (Former MS Student)
Prof. C. Wang (Corrosion/electrolysis consultant)
Prof. Mohammad Modarres (PI)

O NGOk WM

Funding and oversight:
Office of Naval Research




COPYRIGHT © 2017, M. Modarres

Objectives

T .S

. BN = B

* Describe damage resulted from failure mechanisms within the
Irreversible thermodynamics framework

* Improve understanding of the coupled failure mechanisms

* Develop an example: entropic corrosion-fatigue damage model
Including confirmatory tests

* Define reliability in the context of the 2" law of thermodynamics

* Extend the framework to statistical mechanics and information
theory definitions of entropy

* Search for applications to Prognosis and Health Management
(PHM) of structures
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Motivation

‘
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- Common definitions of damage are based on observable markers of
damage which vary at different geometries and scales
» Macroscopic Markers of Damage (e.g. crack size, pit densities, weight 10ss)

» Example: Macroscopic Fatigues Markers include: crack length, reduction of
modulus, reduction of load carrying capacity )

> Issue: When markers of damage observed 80%-90% of life has been expende
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[17J. Lemait?‘e, “A Course on Damage Mechanics”, Springer, France, 1996. .
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Thermodynamics Approach to Damage
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T .S

Second Law of Thermodynamics: In an 1solated system, entropy
will always increase until it reaches a maximum value.

Second LLaw of Thermodynamics (Statistical Mechanics Version):

In an 1solated system, the system will always progress to a
macrostate that corresponds to the maximum number of microstates.

All damages resulting from failure mechanisms share a common
feature: Dissipation of Energy.

Dissipation: a fundamental determinant of irreversibility can be
described well within the context of non-equilibrium thermodynamics.
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Thermodynamics as the Science of Reliability
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An Entropic Theory of Damage

‘

. BN = B

Degradation mechanisms Damage Dissipation energies Entropy generation

Damage = Entropy

An entropic theory followsll:

Failure occurs when the accumulated total entropy generated exceeds the
entropic-endurance of the unit

«  Entropic-endurance describes the capacity of the unit to withstand entropy

«  Entropic-endurance of identical units is equal

«  Entropic-endurance of different units is different

«  Entropic-endurance to failure can be measured (experimentally) and
Involves stochastic variability

Yda—Yd,

ydE_)/do
Entropy generation, y4, monotonically increases starting at time zero from a theoretical value of *IERSI?’;»
zero or practically some initial entropy, y,, to an entropic-endurance value, y4 3,
/Q
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8 [1] Anahita Imanian and Mohammad Modarres, A Thermodynamic Entropy Approach to Reliability Assessment with Application to Corrosion Fatigue, qR P&Q
Entropy 17.10 (2015): 6995-7020 YL

* In this context we define Damage as: D =




COPYRIGHT © 2017, M. Modarres

Total Entropy
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.. o Surroundings d’s
« The variation of total entropy, dS, is in the form of: dS =

d’'S + d?s.
d"S = exchange part of the entropy supplied to the system /

-————

i ) ] System \‘,
by its surroundings through transfer of matters and heat: d4s >0 ]
d’s Q \
T = —f ]S' nSdA \\\\§ ,’/,’
dS =d"S +d%s
d?S = irreversible part of the entropy produced inside of
d
the system: % = [V gav. Q Js
) ds . ,’// P / ng
« Divergence theorem leads to: =T V.J], = o, where, s is y \
the specific entropy per unit mass. § >0 )
« Damage,D, according to our theory is expressed by the ¢
t
entropy generated: D |t~ fo [o]|X;(u),]J;(u)]du -
J=entropy flux; o=entropy generation/unit volume/unit time SRSy
S %
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* Imanian, A. and Modarres, M., A Thermodynamic Entropy Based Approach to Prognosis and Health

Management, The Annual Conference of the PHM Society, 2014.
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Total Entropy Generated
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« Entropy generation o involves a thermodynamic force, X;, and an entropy flux, J; as:

o=%;;XiJi(Xp); (,)=1,....n)
For near equilibrium condition interactions between multiple dissipation processes is captured by the

Onsagar reciprocal relations define forces and fluxes. Ji = Z LiiX; For example for Fatigue (f)
and Corrosion (c) -

. BN = B

]
]C = LCCXC + LfCXf and ]f = LCfXC + Lffo
[L;;]= Onsager matrix of phenomenological coefficients

« Entropy generation of important dissipation phenomena leading to damage:

Thermal energy ~ Diffusion energy  Plastic deformation energy
—— ‘ )
= —J VT + 50 Jo (VEE) + 21i€, + =51 v A; + 5D —y
o=2Jg k=1 \V = STiep T2V Aj + o 2o G m( Y)
\ Y J Y J
Chemical reaction energy  External fields energy

Jn (n = q, k, and m) = thermodynamic fluxes due to heat conduction, diffusion and external fields, T=temperature, y;, =
chemical potential, v; =chemical reaction rate, T =stress tensor, €, =the plastic strain rate, A; =the chemical affinity or

chemical reaction potential difference, y =potential of the external field, and c,, =coupling constant *** NERSIZ)
®)
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*D. Kongepudi and I. Prigogine, “Modern Thermodynamics: From Heat Engines to Dissipative Structures, ” Wiley, England, 1998. 4@
*J. Lemaitre and J. L. Chaboche, “Mechanics of Solid Materials, ” 3" edition; Cambridge University Press: Cambridge, UK, 2000. 41? YLP
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Examples of Force and Flux of Dissipative Processes
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O'ZZLJXJL(X]) ; (l,jzl,..., n)
Primary mechanism  Thermodynamic force, X Thermodynamic flow, J Examples of
materials damage
process
Heat conduction Temperature gradient, Heat flux, ¢ Fatigue, creep, wear
v(1/T)
Plastic deformation Stress, 6/T Plastic strain, ép Fatigue, creep, wear
of solids
Chemical reaction Reaction affinity, 4,/T Reaction rate, v, Corrosion, wear
Mass diffusion Chemical potential, Diftusion flux, J, Wear, creep
- V(,Uk /T )
Electrochemical Electrochemical Current density, i,,,,/z Corrosion
reaction potential, A/T
Irradiation Particle flux density, Velocity of target atoms Irradiation damage
A,/T after collision, v,
Annihilation of Creep driving force Creep deformation rate, R Creep
lattice sites (6 — wl)/T NERSIZ)
Table From: Amiri, M. and Modarres, M., An Entropy-Based Damage Characterization, Entropy, 16, 2014.5,
] T "N o ... T I 18 36
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Entropic-Based Damage from Corrosion-Fatigue (CF)
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Oxidation and reduction reactions of metallic electrode, M, under CF:
M o M# + Zme”
O+ zpe~ ©R
O = Certain oxidant in solution resulting in formation of the reduction product R.

The entropy generation results from:
« Entropy flow to the surrounding
« Entropy generation from:
« Corrosion reaction processes
 Electrochemical processes
» Mechanical losses
« Diffusion losses
» Hydrogen embrittlement losses

water

Control volume ~d

Stress von Mises (MPa)
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Entropy Generation in CF
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«  Contribution from corrosion activation over-potential, diffusion over-potential,
corrosion reaction chemical potential, plastic and elastic deformation and hydrogen
embrittlement to the rate of entropy generation [1]:

Electrochemical
dissipations

1
o=7 (]M,aZM FEMarq T IMcZMFEMy. . T J0,aZ0FEo,., T Jo0,c2%0 Fanct,C)

1 Diffusion
+ T (]M,CZMFEMCOM'C *+ Zo F]O,CEOCOM,C) dissipations

1
+?(]M,aaMAM + Imc (X —ap)Ay +Jo,a@040 + Jma(1 — ao)Ao)

Chemical reaction

Mechanical + T €T+ T YD dissipations
dissipations :
Hydrogen 0y
embrittlement
dissipation

T = temperature, z,, =number of moles of electrons exchanged in the oxidation process, F =Farady number, [y, and Jy . =

irreversible anodic and cathodic activation currents for oxidation reaction, J, , and J, . =anodic and cathodic activation currents for

reduction reaction, Ey, , , and Ey, . =anodic and cathodic over-potentials for oxidation reaction, Eo, , and Ey, ,  =anodic and

cathodic over-potentials for reduction reaction, Ey,,, . and Eo . =concentration over-potentials for the cathodic oxidation and

cathodic reduction reactions, a,, and a, =charge transport coefficient for the oxidation and reduction reactions, Ay and A, =

chemical affinity for the oxidation and reductions, €, =plastic deformation rate, = =plastic stress, D =dimensionless damggg* %,LY
the elastic energy, and o =entropy generation due to hydrogen embrittlement.

] T "N o ... BN I 18 /
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Corrosion Fatigue (CF) Experimental Set up

T .. " .. NS I
» Fatigue tests of Al 7075-T651 in 3.5% wt. NaCl agqueous solution
acidified with a 1 molar solution of HCI, with the pH of about 3.5, CF tests done while
under axial load controlled and free corrosion potential measuring the open
» Specimen electrochemically monitored via a Gamry potentiostat circuit potential (OCP) vs.
using Ag/AgCI reference electrode maintained at a constant reference electrode
distance (2 mm) from the specimen, a platinum counter electrode, during load-unload

and the specimen as the working electrode
» Digital image correlation (DIC) technique used to measure strain

~
Electrochemical corrosion
cell made of plexiglass
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CF Test Procedures
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Entropy Generation in CF
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« Total entropy is measured from the hysteresis loops resulted from fatigue
(stress-strain) and corrosion (potential-electrical) in each loading cycle

x10°
-0.787 T T T T T 3.5
-0.7875 - 3+
-0.788 4 2.5~
-0.7885 - = 2k
2
2
-0.789 - L 15+
[7p]
-0.7895 |- 1t
-0.79 - 0.5~
-0.7905 r r r r r 0 r r r r r r r r r
2.58 2.59 2.6 2.61 2.62 2.63 2.64 2.5 3 35 4 45 5 5.5 6 6.5 7 7.5
Current (A) % 10" Strain x 10°
W " oo . I
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Entropic Endurance and Entropy-to-Failure
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« Similarity of the total entropy-to-failure for all tests supports the entropic theory of

damage offered proposed
» More tests needed to reduce the epistemic uncertainties and further confirm the theory

N
1
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Ratio of Corrosion and Fatigue Entropies to the Total Entropy
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* Reducing fatigue stress allows more time for corrosion

0.3« * c : -
m ® P=405 MPa
¢ P=365MPa
2 0.25 - = P=330MPa
g A  P=290MPa
o && * P=260MPa
S 02F m  P=215MPa _
8 *  P=190MPa
g x
2 015+ . -
N A,
g
S ~
Z 0.1r- * I
.
0.0 L r r r r r r n
5.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Normalized Fatigue Entropy
] T "N o ... T I
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Thermodynamics of Damage: A Reliability Perspective

...

‘

« Materials, environmental, operational and other types of variabilities in
degradation forces impose uncertainties on the total entropic damage

f(D|t)=Normalized entropy to failure distribution

g(t)=Time to failure distribution 1 /
N 1 entropic-endurance
L]

* Assuming a constant
entropic-endurance, D

Damage (Normalized entropy generation)

* The reliability function :
can be expressed as [1] ', Tine

P(T<t,)= f g(t)dt = 1- fo ! f(D)dD

R(t) = 1-P(T <t) = [/~ f(D)dD

T.=Current operating time; g(t)=distribution of time-to-failure, f (D|t) = distribution of damage at t

[1] Thermodynamics as a Fundamental Science of Reliability, A. Imanian, M. Modarres, Int. J. of Risk and Reliability, \IERS}]}
Vol.230(6), pp.598-608. DOI: 10.1177/1748006X16679578.(2016). ,§
/Q
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Entropic-Based CF Reliability
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Damage (Normalized Entropy to Failure)
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Conclusions

‘

. BN = B

A thermodynamic theory of damage proposed and tested

* An entropy-based damage model derived from the second
law of thermodynamics and used it to develop models for
reliability analysis

* The proposed theory offered a more fundamental model
of damage and allowed for incorporation of all interacting
dissipative processes

 Entropy generation function derived for corrosion-fatigue
mechanism in terms of leading dissipative processes

« A simplified version of entropic corrosion-fatigue
damage model experimentally studied which supported
the proposed theory and the thermodynamic-based N
interpretation of reliability S
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Approaches to derive and quantify entropy
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S = Ypilogp;

1 Uk 1
—ﬁ]q VT — 2,’; 1]k( T)+Tr €,

+- Zr -1V Aj + = Zm 1 m (=VY)
TTp; (+

TR (—W)

AS; (W) = kglog
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Potential (V)
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Corrosion Current vs. Potential: Effect of Time and Stress

‘

. BN = B

To obtain the correlation between corrosion current and potential, polarization
curves were developed at different stress and immersion values

Stress and immersion time variations showed stochastic effect on polarization curve

The sum of the exponential terms showed a good fit to the part of polarization
which involved the open circuit potential (OCP)

Or / - s s
——T=THr / i =
——T=28Hr 7

T=33 Hr i
05 T=gaHr 0 i : %
=68 F=0MP ] /
T=G8 Hr ——— F=100MP i
F=180MP Sl
-1r 057 F=280MP X
= — F=360MP R,
b 5 \l\i\:m
<
-1.5+ = -1F
2
(@]
0' —
I = exp(alV) + exp(BV)
) : . . . -15p
20 -15 -10 -5 0 : (V.
Corrosion Current (log(1)) (A) l.€., ]l (X])
4 a2 a0 8 6 4 2 €§4€J‘Sf?)*
Corrosion Current (log(l)) (A) Q 2
] T "N o ... BN I 18 / 56
24 % Q

IRyL Pﬁ





