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1. Motivations

Fatigue
involved in more than

60 %
of failure in service



4

1. Motivations

A key consideration in part design

A time consuming activity

Fatigue is a scattered phenomenom

... that depends on numerous parameters
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1. Motivations

74 days!
Number of cycles, N
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Material: CU Al9 Ni5 Fe4

Load ratio: R=-1
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1. Motivations

A key consideration in part design

A time consuming activity

A scattered phenomenom

... that depends on numerous parameters
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1. Motivations

Fatigue properties depend on numerous parameters

                     
             

Mion (2024)

Voorwald et al. (2005)

Santharam et al. (2020)
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1. Motivations

A key consideration in part design

A time consuming activity

A scattered phenomenom

... that depends on numerous parameters
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1. Motivations

𝜎𝑛𝑜𝑚

𝑡
1

𝑓𝑚

𝜎𝑛𝑜𝑚

infrared camera

1

𝑓𝑚

Temperature variation

Can be measured
𝜌𝑐𝑝

ሶ𝑇 + div Ԧ𝑞 = Δ + 𝑟 + 𝜌𝑇
𝜕2Ψ

𝜕𝜀𝜕𝑇
: ሶ𝜀 + ෍

𝑘

𝜌𝑇
𝜕2Ψ

𝜕𝑉𝑘𝜕𝑇
: ሶ𝑉𝑘

Heat sources

Cannot be measured

Local heat equation
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SIC from IR measurements

PhD of A. Le Bihan (defended in 2025)
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SIC from IR measurements

Toki et al. (2000)

What is Strain Induced Crystallization?

Warneboldt et al. (2022)
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SIC from IR measurements

0% 4% 10% 19%

The classic approach to access crystallinity: WAXD

Experimental 
setup

Photons generation

Photons generation

Experimental 
setup

Detector Detector

mini-PureShear

specimens
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• Access quite difficult

• Difficult to process the data

• Not a full-field technique

• Not really real-time

• Phase transformation comes 

with energetic effects ;

• Infrared calorimetry :

• Large FPA

• High frequencies



SIC from IR measurements

0% 4% 10% 19%

The non crystallizing twin approach
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Reference material, NR42

heat source

strain

Elasticity

Fillers induced mechanisms

Crystallization

Viscoelasticity

How can we extract the 

crystallization contribution?

• Use a model

• Find an experimental « hack »

Non crystallizing twin, IR42

heat source

strain

Elasticity

Fillers induced mechanisms

Viscoelasticity

heat source

strain

Crystallization



SIC from IR measurements

0% 4% 10% 19%

1 1
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2 Thermal signals, 𝜃𝑁𝑅42 , 𝜃𝐼𝑅42
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4 Crystallization energy, 

න
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5 Crystallinity index, 

𝜒𝑐 =
׬

0
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𝜌𝑐𝑝
ሶ𝜃(𝑡) +

𝜃(𝑡)

𝜏𝑒𝑞(𝑡)
= 𝑆𝑡(𝑡)

3 Heat sources, 𝑆𝑡,𝑁𝑅42, 𝑆𝑡,𝐼𝑅42

Simplified 0D heat equation

Elongation [-]
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6 WAXD comparison

6

A simple case



SIC from IR measurements

0% 4% 10% 19%

1 pixel ≠ 1 particule of matter

𝑆𝑡,2𝐷 𝒙, 𝒚, 𝒕 = 𝜌𝑐𝑝
ሶ𝜃2𝐷(𝒙, 𝒚, 𝒕) +

𝜃2𝐷(𝒙, 𝒚, 𝒕)

𝜏𝑒𝑞,2𝐷(𝒙, 𝒚, 𝒕)
− 𝜆

𝜕2𝜃2𝐷 𝒙, 𝒚, 𝒕

𝜕𝑥2
+

𝜕2𝜃2𝐷 𝒙, 𝒚, 𝒕

𝜕𝑦2
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1 pixel = 1 particule of matter

Temperature variation [°C] Crystallinity index [%]

non crystallizing twin approach

A more complex case



SIC from IR measurements

0% 4% 10% 19%

WAXD
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Infrared calorimetry
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Fatigue crack closure and TSA

https://youtu.be/FzrAby-eKLs?si=nXA3B-Kc8lGqg4wF

Work done by Dr. L. 

Bercelli
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Fatigue crack closure detection

𝜎𝑛𝑜𝑚

𝑡
1

𝑓𝑚

Open crack detection with TSA

Positive load ratio (𝟎 ≤ 𝑹 < 𝟏)
Sine loading

𝜽𝟏
𝒕𝒊𝒑

> 𝜽𝟏
∞ ≫ 𝜽𝟏

𝒘𝒂𝒌𝒆

Cracks can easily be 

detected with the first 

harmonic amplitude field
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Fatigue crack closure detection

1

Fatigue lives 

forecast via a 

Paris law

𝑁
𝑓𝑚

𝑜
𝑑

𝑒𝑙
𝑐𝑦

𝑐𝑙
𝑒

𝑠

Individual 

propagation 

curves
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Fatigue crack closure detection

Tension-compression (𝑹 = −𝟑)

A sine loading leads to 

a non sine temperature 

evolution

𝜽𝟐
𝒕𝒊𝒑

= 𝜽𝟐
∞ = 𝟎 

𝜽𝟐
𝒘𝒂𝒌𝒆 ≠ 𝟎 

Crack detection with TSA in the case of crack closure

𝜎𝑛𝑜𝑚

𝑡
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Fatigue crack closure detection

Crack detection with TSA in the case of crack closure

st
if
fe

n
e

r

𝜃
1𝑐

𝜃
2𝑐

N = 𝟐 𝟎𝟎𝟎 𝑵 = 𝟓𝟐 𝟎𝟎𝟎

cracks

Tension-compression 

(𝑹𝒍𝒐𝒄 < 𝟎)
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Fatigue crack closure detection

Crack closure time determination

First step :

Reconstruction of the 

temperal signal (for each 

pixel) using DCT (Discret 

Cosine Transform)

Second step :

Use of the CWT (Continuous 

Wavelet Transform) to 

detect crack opening and 

closure

𝑺𝑪𝑾𝑻 𝒂, 𝒃 = − න
−∞

+∞

𝜽𝒕𝒉𝒆
𝑫𝑪𝑻(𝒕) × 𝝍𝒂,𝒃(𝒕)𝒅𝒕

Δ𝜎𝑒𝑓𝑓 =
1 − cos 𝜋𝑓𝑚 𝑡𝑜 − 𝑡𝑐

2
Δ𝜎𝑛𝑜𝑚

𝑐𝑟𝑎𝑐𝑘 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 𝑐𝑦𝑐𝑙𝑒 𝑖 
𝑐𝑟𝑎𝑐𝑘 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 𝑐𝑦𝑐𝑙𝑒 𝑖

𝝉𝒐
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Fatigue crack closure detection

Crack closure time determination

𝜃1
𝑐

𝜏𝑜

0 0.5 1

𝑅𝑛𝑜𝑚 = 0

𝑅𝑛𝑜𝑚 = −1

𝑅𝑛𝑜𝑚 = −2

𝑅𝑛𝑜𝑚 = −5

𝑅𝑛𝑜𝑚 = −10

𝑅𝑛𝑜𝑚 = −20

𝑅𝑛𝑜𝑚 = −∞
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Fatigue crack closure detection

𝚫𝝈𝒆𝒇𝒇 = ቊ
Δ𝜎𝑛𝑜𝑚 𝑖𝑓 𝑅𝑛𝑜𝑚 ∈ [0: 1[

𝑖𝑓 𝑛𝑜𝑡 𝝉𝒐 × Δ𝜎 𝑛𝑜𝑚
𝑁 𝑎 = 𝑎𝑓 =

1

𝐶𝑝 𝜟𝝈𝒆𝒇𝒇
𝑚𝑝

න
𝑎0

𝑎𝑓 1

𝐹 𝑎 𝜋𝑎 𝑚𝑝
d𝑎

Paris law 

determined 

via crack 

growth 

monitoring

Without crack closure With crack closure
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PhotoMechanics conference

https://pm26.sciencesconf.org/

For 30 years, the PhotoMechanics conference has been a unique 

international forum, gathering academics and practitionners to promote 

the use of full-field measurement techniques in applied mechanics. For 

the 13rd edition, the chair of PhotoMechanics is glad to welcome you 

to Paris (France) during the 2026 Toussaint holidays (26 to 29 of october) !
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