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Objectives
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* Description of degradation mechanisms and resulting
damages within the irreversible thermodynamics framework

* Improved understanding of the coupled mechanisms
* Development of an entropic corrosion-fatigue damage model
* Confirmatory testing of the corrosion-fatigue model

* Investigation of applications to structural integrity and
reliability assessment

* 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 markersof -
damage which vary at different geometries and scales B

» At the macroscopic level: Observable markers of

damage (e.g. crack size, pit densities, weight loss)

» Macroscopic fatigues markers include: reduction of elasticity modulus,
variation of hardness, cumulative number of cycle ratio, reduction of load
carrying capacity, crack length and energy dissipation

» When markers of damage observed in real structures 80%-90% of life has been
expended
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Micro-scale: ~ Defects Dln) - 4, -4, !

Continuum damage mechanics [1] Nano- scale [2] broken bond Meso-scale @‘1 P
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Entropy and Damage
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* Entropy provides a unified and broad measure of damage
in terms of energy dissipations of multiple irreversible
degradation processes

* Entropy enables us to model multiple competing
degradation processes contributing to damage

* Entropy 1s independent of the path to failure for a system
ending at similar total entropy at the time of failure

* Entropy accounts for synergistic effects arising from
interactions between multiple degradation processes

* Entropy applies to all scales

e e
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Damage and Entropy
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Degradation mechanisms Damage Dissipation energies Entropy generation

Damage = Entropy

An entropic theory follows:
Failure occurs when the total entropy exceeds the

entropic-endurance of the system

* Entropic-Endurance is the capacity of the system to withstand entropy
* Entropic-Endurance of the same systems are equal

* Entropic-Endurance of different systems are different
 Entropic-Endurance is measurable and involves stochastic uncertaﬁ T Yo
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Total Entropy

T . " e .. IS I
Surroundings dlr s
*  The variation of total entropy, d.S, is in the form of: dS= JIUCEERS A
dlr S+d1d s.
dTr 5= exchange part of the entropy supplied to the |'I System |
system by its surroundings through transfer of matters and d?g"f
heat: 17 S/dt =— [0 E)s .nds dA - g

N_——-

as=dlr S+dld s
dTd S = irreversible part of the entropy produced inside

of the system: d1d S/dt = [TViEadV . Q Jis
«  Divergence theorem leads to: ds/dt + V. Jls =, \\/ nls
where, S is the specific entropy per unit mass.
'| >0 !
 The evolution trend of the damage, Z), according to our /
: . N 4 3
theory is dominated by the entropy generated: /| 4 $
t~ f0 Tt ol Xii (w), J4i (1)) du
©RSIp
J=entropy flux, o=entropy generation/unit volume/unit time 59\] o,
T " __con .. IS I 18 / 36
* Imaniaz, A. and Modarres, M., A Thermodynamic Entropy Based Approach to Prognosis and Health é\q RyL P;QQ

Management, The Annual Conference of the PHM Society, 2014.



Total Entropy Generated (Cont.)
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- Entropy generation o involves a thermodynamic force, X" \[l', and an entropy flux, / J7 as:

o=Xdiy Xl Ui (X)) G j=1,...n)
Note that when synergy between multiple dissipation / damage processes exist Onsagar reciprocal
relations define forces and fluxes. For example for Fatigue (f) and Corrosion (c)

Ne=LiccXic+Lifc Xif and Jif =Licf Xic+Liff Xif

Entt Thermal energy  Diffusion energy S Plastic deformation energy 1€ tO damage:

| A A
[ | |

o=1/T12 Jiq .VI—Zlk=11nJlk (Vutt~7 F1/T7€dn F1/T
2U=1Trvlj Ay +1 /7 Shemicalreaction enerey. y Exteral fields energy

/ In (n=q ,/%, and m) = thermodynamic fluxes due to heat conduction, diffusion and external fields,
T=temperature, £{ J# =chemical pOtential ) D41 =chemical reaction rate, T—stress tensors

o
= vivemplomem—_) 2] J /ﬁwmweactimm&erem#ﬁmnﬁa
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Examples of Force and Flux of Dissipative Processes

T

o o=XlijXlifli(X))) ;

i, j=1,..., n)
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Primary process

Thermodynamic force, X

Thermodynamic flow, J

Degradation /
Failure Mechanism

Plastic deformation

Chemical reaction

Mass diffusion

Electrochemical reaction

Irradiation

Annihilation of lattice sites

Stress, o/T

Reaction affinity, A,/T

Chemical potential,

Electrochemical potential,

Particle flux density, A /T

Creep driving force

Plastic strain,

Reaction rate, v,

Diffusion flux, J,

Current density, i,,,./z

Velocity of target atoms after collision,

Creep deformation rate, R

Fatigue, creep, wear

Corrosion, wear

Wear, creep

Corrosion

Irradiation damage

Creep

Table From: Amiri, M. and Modarres, M., An Entropy-Based Damage Characterization, Entropy, 16, 2014. 3
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Entropic-Based Damage from Corrosion-Fatigue (CF)
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« Oxidation and reduction reactions of metallic electrode, #Z, under CF:

MeMTZIMT+ +zIM el—
O+zl0 eT— &R

O = Certain oxidant in solution resulting in formation of the reduction product 7.

* The entropy production results from:

* Entropy flow to the surrounding

The hydroxide

1 1 1 . oxidizes to
* The dissipative processes: s o
*Corrosion reaction processes N
* Electrochemical processes TN
*  Mechanical losses \

* Diffusion losses

* Hydrogen embrittlement losses

Cyclic Load mcse

I T "N o .. I I
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Entropy Exchange in CF

T
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* The amount of entropy exchanged in CF:

m i sli and m Je sle = entropy flows entering and exiting the control
volume.

« In corrosion the rate of corroded mass obeys 72 =m Ji =m Je.
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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

o=1/T (JiM,a ziM FEIMlact,a +JIM,c zZiM FEIMlact,c +]J10,a
20 FEIlOlact,a +J30,c 20 FELOlact,c ) iy

+1/7 (JdM,c zZiM FEIMIconc,c +z40 FJL0,c FlOlconc,c )
+1/7 UM oM ALM +]IM,c (1—alM )AIM +JI0,a alC Cemicalreacton

Mechanical dissipations
- dissipations
./JM a (1 UNVTT i Hydrogen
embrittlement
+ 1 / T 6 lp 'T‘I‘ 1 / 2 dissipation

+olH

T = temperature, 2 \lM —number of moles of electrons exchanged in the oxidation process, F — Farady number, ﬂ%ﬂ

and ‘ JM A C = 1rrevers1ble anodic and cathodlc activation currents for oxidation reactloni ( JO i { and ‘ JO ! /1056

and catholdic aCtIV&t&S)BYCﬁIFé?IISng isdl%c’tll\(}ln mgc éoné E \l M JCZC l- d and E \l M \lCZC Z-, C =anodic gﬁgl YL(%’(&?
over-potentials for oxidation reaction, E \l 0 \l ac ZL, d and E sl 0 sl ac Z', C =anodic and cathodic over-potentials for



CF Simplifying Assumptions
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1. Entropy flow due to mass transfer and heat exchange negligible
Diffusion losses are eliminated assuming well mixed solution

3. Effect of diffusivity and concentration of hydrogen at the crack surface
excluded for Aluminum alloys under cyclic loading in the sodium
chloride solution (Mason confirms that in fatigue loading > 0.001 Hz less
time for diffusion and accumulated hydrogen exists)

4. The Ohmic over-potential effect was minimal by placement of the
Luggin capillary close to the working electrode

5. Activation over-potential considered to be result of Mechano-chemical

effect. Corrosion current-potential hysteresis

o=1/T (JiM.a albM A LM +Jit,c =it )4
M +JL0,a b0 A L0 +J0,c (1—al0)AL0)
+(1/7 € lp:T+1/T VD)

Mechanical hysteresis

A=3Xdivii Vi 47 is mechano-chemical affinity induced by QERS’T»

—T1) CCh 110 Gl rew O Lot -l +ZLLE@B—E \‘Gﬂﬁ”@— ' /Q
13
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Corrosion Fatigue Experimental Set up

T

* Fatigue tests of Al 7075-T651 in 3.5% wt. NaCl aqueous solution
acidified with a 1 molar solution of HCI, with the pH of about 3.5,
under axial load controlled and free corrosion potential

* Specimen electrochemically monitored via a Gamry potentiostat
using Ag/AgCl reference electrode maintained at a constant
distance (2 mm) from the specimen, a platinum counter electrode,
and the specimen as the working electrode

* Digital image correlation (DIC) technique used to measure strain

) .. B =

Electrochemical corrosion cell

: - 7 . made Ofplexiglass
>
- . N oo

14
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CF Test Procedures
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i‘> =y 600
I‘PUUD ﬂ [
i, e ] 500 e
5.00 T 2.0 \ ]
Y Pl | S el NaCl solution
ERLE i v . o= SRR S w v 18l
200 —/F—> H_NUU_J ? —~ 1 400 7A1r [
T | /

i)

N —

Stress (MPa)
(4]
3

N
o
o

/

. /
XY Performed tensile mechanical test to /

obtain mechanical and electrochemical °% 0o o001 005 o002 003 008 009

properties of the specimen immersed in s

the corrosive environment

First we need to develop /47 (

-
o
o

Next the forces and fluxes were measured under CF
* Performed CF tests for 16 samples at 87%, 80%,
70% and 57% of yield stress (460 MPa), load

ratio = 0.01, loading frequency=0.04Hz
* Tests stopped after failure of specimens

T "N cosmn

.. EEEE = S
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CF Test Procedure- Mechano-Chemical Effect
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* CF tests done while measuring the open circuit potential (OCP) vs.
unstrained reference electrode during load-unload

* In a mechano-chemical effect in CF, an
enhanced anodic dissolution flux is

induced by the dynamic surface L
deformation %@,7@4 | 4 A I f ' ' ' i . i/
* Anodic current at the electrode surface, 2“7 ¢ ¢ L ! 24882 21218Y'2

r r r r r r r r r £
4.055 4.06 4.065 4.07 4.075 4.08 4.085 4.09 4.095 4.1 4.105

decrease near-surface work hardening,

and increase the mobility of Cycle
dislocation, and hence stimulate fatigue ?-2‘5322
damage 7
* All showing the Onsager effect P AT AN 4.0'75C4,b;; s s s 41 i
yele x 10

discussed earlier
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Corrosion Current vs. Potential: Effect of Time and Stress

Potential (V)
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T e

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 f 4
—— T=THr : =
——T=28 Hr P _~

T=33 Hr o //
057 T=44 Hr . &
~—— T=68 Hr i, /
1F -0.5f JA\
* 3 S
E g ==~3
-1.5F £ 1
IS
B , , , sl /=exp(aV) +exp(LV
20 -15 -10 5 0 . . .
Corrosion Current (log(I)) (A) l.e., /\ll (X\l/ )
4 a2 0 8 % 4 > NERSI7,
Corrosion Current (log(I)) (A) ) Q,

| ™ " s ... S I 18 / 56
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Corrosion (V)

Entropy Generation in CF

T
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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

8
x 10
-0787 T T T T T 35 L L L L L L L L L T
-0.7875 - 3+ -
-0.788 -~ - 2.5+ -
-0.7885 - g 2F :
g
-0.789 |- g 15- .
w0
-0.7895 - - I+ N
-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 3.5 4 4.5 5 5.5 6 6.5 7 7.5
4 1 -3
Current (A) <10 Strain <10
I T "N o .. I I

COPYRIGHT © 2015, M. Modarres



Entropic Endurance and Entropy-to-Failure
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* Similarity of the total entropy at the time of failure supports the proposition of the
entropic theory of damage offered in this research

* More tests needed to reduce the epistemic uncertainties and further confirm the theory

Aﬂ‘}p(to Failure (MJ/(K*n?)

Distribution
of

entropic-
endurance

L "

@ F=330MPa
35 @ TF=365MPa
QO F=405MPa
3 O F=260MPa
" O F=290MPa
2.5
2
L (@)
1.5 =) (@]
@ o) o o
o Og© o)
0.5 ©
O r r r r r r r I
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time(Cycle) X 104

19
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Entropy to Failure (MJ/(K*m3 )

1.6

1.4

1.2

1T

T J 1]

0.8 i
0.6 4

405MPa 365MPa 330MPa 295MPa 265MPa
Maximum Stress in cyclic loading
S
Q
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Ratio of Corrosion Entropy to the Total Entropy
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* Reducing maximum stress allows more time for corrosion thus increasing
contribution of corrosion to total entropy
* See ratio of entropy from corrosion to the total entropy versus maximum stress

26 |- i

24 . -

22| ]

20 - -

181 i
14
12 T ’—_;‘ i
10. T:[ E— -
8- 4
405MPa 365MPa 330MPa 295MPa 265MPa
Maximum Stress in cyclic loading

Entropy of Corrosion to total entropy percentage
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Thermodynamics as the Science of Integrity and Reliability
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* Materials, environmental, operational
and other types of variabilities in
degradation forces impose uncertainties
on the total entropy / cumulative damage, 2

s
e Assuming a constant E
entropic-endurance, D f 5
'é. g(t)=Time to failure distribution
* The reliability function s \J&
can be expressed as [1] Dr K
R(Tic)=)Tlc TooiEg(t)dt =1- [DIf

T, Time
7'l =current operating time; (J ( l"):distribution of time-to-failure, f (D | Z') = distribution of
damage att

‘%\\]ERSI]’})
o
[1] A. Imanian. & M. Modarres, “A Science-Based Theory of Reliability Founded on Thermodynamic Entropy, “ S =
ProbismismieeSemiemms s o sTITe! (111 Wm—"m— Comfer cTreiionsmimmiimms i, U Smm() mmm— ——— ' / 56
21 % S
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Entropic Characterization of Fatigue-Induced Crack Initiation

T
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* Developed entropy generation terms and physical measures

* Performed Fatigue tests (peak 248 MPa with load ratio of 0.1 and
frequency of 2Hz) on Al 7075-T6 notched specimens

* Test stopped when, a small crack detected at the notch

. t=12.7mm
| ____________________ SR ¥ B I w=25.4 mm
| l*ﬁ ____________________________________________
« »  d=5.08 mm
254mm |
[=508 mm !
\]ERSI]’
Smlo
| T "N oo . ... | 18 /56
. @«1 S
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Entropy Generation in Fatigue Damage

Entropy generation during fatigue: .
7 " E ,"E — OF

o=t€lp /T+1/TZD+1/7TT2 Jig-VI  Plastic energy_|

\ ' J \ Y J \ )

Plastic energy loss Elastic energy loss Heat loss

Elastic energy

'
! Hysteresis Loop

> >

ogp de, £

For high-cycle fatigue heat conduction term 1s comparatively negligible

\\1 ©RSIp A

s, 2
. | T IE.." NN e O .. | 18 /56
> () S
COPYRIGHT © 2015, M. Modarres RyLb>



Entropy generation (kJ/Krt)

Reliability and Integrity Analysis

T

| .. IS I
F(0)=/017lc Eg(t)de =1- JOTDLf &E/(D)dD
Assuming constant entropic damage with slops @JZ and
transforming variable Z with le T\[C'/D by knowing: g(l‘)=0¢f TJC/ZLTZ f(DJ/ TJC/Z')
alit=DIlf
aliTic=D
x 10"
800 : — ‘ : 1.5
500 1
300 \E/D o
0.5
100 —— Derived PDF of TTF
O True TTF PDF
i 08 1 12 14 16 18 2 22 34
Time to Failuree (Cycle)
| T "N s .. IS I

24
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Application of the Entropic PHM Framework
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* Proposed PHM framework has been used to predict the RUL of Al samples.

Features:

C-ENG

C-Ent

-5
o 2000 4000 6000 8000
C-Skw

-2
G 2000 4000 6000 8000
C-Amp

BTy
)

10
0 [, “{

0000000000000000

0000000000000000

5
o

-5
9] 2000 4000 6000 8000
F-Skw

Strain RMS

Strain max amplitude
Strain skewness
Mechanical entropy
Mechanical hysteresis

s s energy
. N - Potential RMS
OL///{ Eh—{ * Potential max amplitude
o 2000 4000 6000 8000 o 2000 4000 6000 8000 . Potential Skewness
* Potential Entropy
* Potential hysteresis
Off-Line Modeling On-Line Health Assessment and Prediction ~ “%
Signal Processing ... Health Assessment
D1ssI1§at1t\.7fev Prt(.)cesses and Anomaly
‘L entification Detection
Feature Extraction v l
¢, Entropy Evaluation
.. RUL Estimation
Training Data
Classification by the v
kNN Approach
— S B e, .. .|
25
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An Example of RUL Prediction
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* kNN is a non-parametric classification method

* Fault level (FL) determined from the output of the ANN classification
* An anomaly was acknowledged from FL

T T T T T T T T T

1.61- o 4 -~
PF Estimation P 0.1
------ Measurment - ~
L4r PF Prediction _- - N 0.08
1.2} . 0.06
———————————————————————————————————————— E
e Failure Threshold 0.04f
£ 1k
T e 0.02
E Entropy Anomaly Threshold
< 0.8~
g 0
2 1675 1680 1685 1690 1695 1700
% 0.6 RUL(Cycle)
m -7
’,"
0.4+ /"
td
”l’
02 Detection Time=5490 .
4
s/
,’
0 )"' r r r r r r r r r
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time(Cycle)
| ™ " s ... S I




Prognastics Results

* By choosing the entropy data as a precursor, Particle Filter prediction
method helps estimating the RUL

.. B =

* The difference between mean of estimated RULs and actual RULs showing
the efficiency of the entropic-based PHM for structural integrity assessment

Maximum Stress(MPa  Estimated RUL(%) Actual RUL(%)

330 17.8 26.4
330 30.3 30.8
330 8.1 23.2
365 11.7 11.0
365 20.2 23.4
405 37.1 32.8
405 28.3 32.8
295 42.6 31.6
295 10.1 29.2
260 43.5 28.9 gERSI;}
260 26.3 33.9 > B
L W e . L /56
7 copyRIGHT® 2015, M. Modarres é\ﬂRYL P§Q



Ongoing Activities
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* More experiments using varied corrosion medium and
slower fatigue

* Modeling and simulating the mechanistic damage evolution

in the corrosion fatigue mechanism using the multi-physics
tools (COMSOL).

* Comparison of the experimental and simulation results.

\]ERSI T
Q >
5 o
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Conclusions
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* A thermodynamic theory of damage proposed and tested

* Applications to reliability and structural integrity
assessments explored

* The proposed theory offered a consistent and science-based
model of damage and allowed for the incorporation of all
underlying dissipative processes

* Entropy generation function derived and evaluated for
corrosion-fatigue degradation mechanism in terms of
leading dissipative processes

* Entropic corrosion-fatigue degradation model
experimentally studied and supported the proposed theory

* Proposed a PHM framework based on entropic damage.s&37:.
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Thank you
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