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Research purpose
e Development of Smart Concrete capable of non-contact stress measurement
Purpose & Contents
Contents e Development of piezo—spectroscopic sensitive cement
e Experimental validation of piezo—spectroscopic effect
e Development of sensor—-less, non—contact, absolute stress measurable smart
concrete
* Piezo—spectroscopic sensitive cement
Results * Piezo—spectroscopic effect of smart cement/concrete
e Sensor-less, non—-contact, absolute stress measurable smart concrete
* Intellectual property (IP) on world—first, core technology
Expected * Preoccupying global construction market
Contribution | * Expand new research areas on material and eguipment
e Securing public safety
Absolute stress Piezo Raman Non—contact
Keywords Smart concrete .
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20 SN (otE-Tt HIHE ElsH)| TlOH/\‘I\_, 1) ASCIl code reader, 2) Background
elimination, 3) Curve fitting with Voigt profile(s), 4) spectral averaging, 5
Piezo—spectroscopic (PS) coefficient calculation 2 HEO| ZR5tCH 2 HAFNAN= &
HIOIEE s2&22 HMelotdl fI6tH, cPugd dabd|lsS 0188 dolH ™Mel Z2
MATLABZS J|Bte 2 I Lot L

~

=1
—
=2
=

n % This matiab

- clear ally

18- close all;

- ele

v % Input mdjunuolu
18- Xlow = 14348

19 Migh = 11500

bl width = 58; & nn

a depth = 585 & mn

. CKOE_es

- Folderiane, diriFoldertane) )

w-  s=1

n- for i=lisize(folderMame_, 1]

- if ~strempiFolderName_{i}.nane, '. ') &h...

1 ~stremplFolderane_| 1) .nane, ] Bk

34 ~stremplFolderNane 1) . nawe, ' .05 _Store') &&...
35 Foldertame_{1}.1isdir == 1

3F - i_imdexil,8] = if
3 - DieNawnis, 1} = FelderNan_[ 1}, nane;

- adr_ = regexp(FolderMane_(1].name, "'} o

a@ - Xaxis{l,s) = str2num(FolderName_{1), nnu(nnr Il end) 1}
43 - [ S

a - end

aa - end

a4 % Road all files

48 - o for i=lisireli_index,2)

a7 - 11 = 1_indexli};

a8 SubFalder = fullfile(FolderNane, FolderMame_(Lil).namel;|
5@ SubFalder_ = dir{SubFolder);

51 ns = 1

52 - for j=l:sizelSubFolder_, 1]

53 - IT ~stromp(SubFolder_(i).mame, ', ") B&. ..

54 ~streopiSubFelder_(]).nane,
55 ~strempiSubiFolder_(]) . name, .
56 ~strcmpiSubFolder_(]).name(1],

58 % File name che

a5 - PN = suhrnluer IJ)
68 - SPSFN = regexpiSFN, ' i
LE Filelnfo_(},1] = spsml::

6 Filelafo_{],2] = SPSFN(4)}

% Tmdtvidunl Tilename [LFM)
65 IFN = fullfile{SubFolder, SubFolder_i]}.namel)
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= QUL
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<2 HFRUM AtEE = al 22 AFS>
Suitable Raman | Working Distance | Aperture Focused Laser Spot
Made) Narme Excitation Range (adjustable) Diameter Diameter
RT5200-VI5-NIR Zoom Lens 20 - 60 mm 500 - 850 nm ~0.21 mm & 20 mm
: . 20 - 60 mm 23 mm
RTS200-NIR Zoom Lens 20 - 60 mm NIR 785 - 1064 nm ~2.3 mm @ 60 mm
RT5201-VI5-NIR Zoom Lens 60 - 600mm 500 - 850 nm ~0.22 mm @ 60 mm
60 - 600 mm 48 mm =
RTS201-NIR Zoom Lens 60 - 600mm NIR | 785 - 1064 nm ~2.6 mm @ 600 mm
RTS202-VISNIR | Zoom Lens 0.6 - 6 m 500 - 850 nm 06-6m 70 mm ~eammeiam
85mma@ém
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2) Mesosopic mechanical model
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Stress measurement

Investigation of the Photo Stimulated Luminescence Spectroscopy Technique for Measuring 3-D Stresses, 2005 Purdue Univ.

PS coefficient (single crystal):

.

> Kaplyanskii
Av=A(o, +0,)+ Bo,

Where 1,0, 05 are stresses along the crystallographic axes, and A

and B are PS coefficients.

» Forman (hydrostatic stress)

Av = Toy

Where gy is hydrostatic stress

# Grabner (tensor form of the equation)

Av = O,

By assuming (He & Clarke found this assumption incorrect) point
symmetry of Al203 (averaging the principle components of stress), gy =
15 (o1 + 03 +03) and m;=0 wherei # j and myy = Tz,

Stress measurement

» He & Clarke (coordinate transformation for a single crystal in

global coordinate)
Av =mwa,a,0,

PS coefficient (Polycrystalline):
7 He & Clarke (by averaging above equation over many randomly
oriented grains, corresponding model to polycrystalline is

obtained as below:
Av=1
v= E(’”n + My + g3 ) (04, + 0y + 033

# He & Clarke (by assuming plane stress condition(g33 =0, 01y =
G2 =0))
Av

(T + T + Tg5) 0

wlro

Photoluminescence Piezospectroscopy: A multi-purpose quality control and NDI technique for thermal barrier coating,

2004

Main focus of the article:

# NDIusing PLPS on thermal barrier coating (TBC).

PLPS:
» In case of air plasma sprayed coating (APS), there is a thickness limitation due
to the pores and defects (75 micrometer).

» In case of electron beam physical vapor-deposited (EB-PVD) technique, there is

no thickness limitation.

e ALl

~Partially Stabilized Zirconia
sy 2

R oy

Partiall

r Stabilized Zirconia

LT

TGO (ALO;)
Bond Coat

Bond Coat

Superalloy Superalloy

EB-PVD Plasma Sprayed

Schesmatic of EB-PVI) awd APS FBCi

Fig. 2
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Stress measurement:
# Impurity in the TGO layer (chromium) is responsible of the
excited R lines.

= Spalled sections of the TGO causes stress-free detections in PL

spectra.

14320 14360 14400 14440 14480

Top of Exposed Bond Coat Surface
After Spallation of 7YSZ

Wavenumber (em'!)

(a) (b)

Fig 10 Biondlol stvis
spublion. (b) Fipical b
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Stress measurement
Photoluminescence Piezospectroscopy: A multi-purpose quality control and NDI technique for thermal barrier coating,

2004 oo Vane Y.
£SI o As Coated -
8-
Stress measurement: el .
B T Enghe Tesed
# Impurity in the TGO layer (chromium) is responsible of the El::r . 7
excited R lines. .
~ Spalled sections of the TGO causes stress-free detections in PL Vano Fo.
= KD
- KD 48
spectra. - KD
S5GPa 0GP o
1
1000
500,
g L
500
‘ e . A Bl
Top of Exposed Bond Coat Surface ~ M320 1360 1400 14400 14380 T ,,f,. o e e u‘:n 80 1000
\ e -
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Tipe 1l T8 afer vt &

Fig 11 TGO Mggplug P

Stress measurement
Investigation of the Photo Stimulated Luminescence Spectroscopy Technique for Measuring 3-D Stresses, 2005 Purdue Univ.

R lines: Linewidths of R lines:
» R-doublet is a combination of tw0 Voigt functions # There are 3 types of line broadening:

1. Natural broadening (no external influence) =¥ is determined by the

o R1 shift: slope=2.6
4 R2 shift: slope=3.6

lifetime of transition state due to the Heisenberg uncertainty

principle = produce Lorentzian shape

1
]
1 2. Strain broadening =» due to the changes in interionic distances

caused by strain, energy level is affected = Gaussianshape

R-line shift, cm-1
:
i

3. Doppler broadening =» thermal effects on excited electrons

Compressive stress produces Doppler broadening = Gaussian shape

2.5
| High  Bregy
-3 —_— [y
0 100 200 300 400 500 600 700 800
Stress, MPa L iy, >
Figure 8: Shifts of R-lines with applied stresses
Ground Level b i
o o e
Linewidths of R lines: P
> Broadening or linewidth of spectral line changes with the :K::] =
presence of stress. o e

Freoency, v

Figuto 9: Sprcad of cacegy lovel that cunses Hoe Seoadcaing
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ABSTRACT: In this paper, a feasihility study lor a laser-based concrete stress measurement
technigue has been conducted and expenimentally validated with unmxial compression lests.
Photolummescence pregospectroscopy (PLPS) method s widely used for messunng residual
stresses in thermal barrier coating, and the technigue is being researched in civil engimeering field
recently thanks o its laser-based non-contact and non-destructive features, In this paper, non-
contect and non-destructive PLPS techmigue is firstly applied to a concrete matenal for measuning
stress induced by external force. To do that, a piczospectroscopic material has been mixed with
cement powder, and a cubic specimen has been fabrcated for umaxsal compression tests. Based
om the results of uniaxial compression tests, 1t has been expenmentally proved that the apphed
compressive stresses inlo the specimen and its spectral peak shifis have a hnear relationship.

I INTRODUCTION

There are vanous studies looking lor practically applicable nondestructive and noneontact
technigues for the concrete siress measurement, but the techmgues are soll unproved o be
practically applied in the field: Photoluminescence prezospectroscopy (PLPS) 15 a potential
nondestructive testing techmgue that con measure the concrete stress induced by external force.
Here, photolummescence (PL) 15 a result of hight emission process from any form of matier after
the ahsorption of photons, and it can be generated when a sample i irrndiated by o laser. Using
the spectrum, the molecular structure of @ materal can be identified. In sddition, the stress state
of the material can be also determined particularly for a-ALOy (alumina). It 1s known as PLPS
technigue and widely used to determine the residual stress in thermal barmier coating (D.M. Lipkin
el al. (1996} As shown in Figure 1, a typical PL spectrum has two distingtiishable peaks of R1
and B2 lines at the wavenumbers of 14,403 e’ and 14,433 em™, and the BRI and R2 lines are
shufted o the left or nght side from the stress-free spectrum when compressive or ensile siress is
applied into the sample, respectively. Based on the phenomena, the current stress level ina parent
mutenial can be calculated,

In this study, o feasibility study has been therefore performed to use the slumina particles in
cement cubes as an in-situ passive stress sensor wsing PLPS techmgue. Umaxial compression tests
have been conducted to a cement cube specimen to mvestigate the piesospectroscopie effect of
aluming in cement structure.
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Abstract: [n this study, we aimed to design a coil sensor prototype capable of detecting metallic
area loss based on numerical simulations wsing the magnetic flux leakage (MFL) method. Unlike
previous numerical simulation-based studies, which are only conducted to obtain the MEL itself, the
main objectives of this study were (1) to acquire the induced current in the coil sensor and (2) to
optimize the apparatus based on a time-dependent numerical analysis. As a result, the optimum
values of parameters in magnetizing and sensing units were obtained numerically. A magnetic sensor
prototype was then fabricated using the optimum parameters obtained by numerical parametric study:
Finally, experimental validation tests were conducted on a sobid steel rod specimen with a stepwise
cross-sectional reduction flaw, It was observed that numerical simulation had approscimately 91%
precision compared to the experimental fest. The results reveal that application of a nealistic numerical
simulation of an MFL coil sensor can probably provide essential information for MFL-sensor fabrication
and allows for preventive measures to be taken before manufacturing failure or defect misdetection.

Kevwords:  magnetic flux leakage; coil sensor; numerical analysis; parametric study;
non-destructive fest

1. Introduction

To assess the integrity of structures, structural health monitoring (SHM) for metal members,
such as pipelings in the oil and gas industry, load carrving cables in bridges, lifts, cranes, etc_, is an
essential task and must be done regutarly to eliminate any chance of structural failure and economic
loss [1]. For instance, the current transport system for oil-gas products is a pipeline which requires
routine inspections due to the presence of humidity and onderground pressure, because any metal
Insses, cracks, and carrosions may cause an accident. Therefore, pipelines must always be functional
while being completelv sound and intact [2,3]. Steel cables are the main load-carryving elements in an
enormous number of machines and structures. Although steel cables and ropes are designed 1o have
high strength, cross-sectional damage and internal breakage and cracks can still ocour during their
service life and may compromise the entire structural integrity [4]. However, these types of damages
are not easily detected by the naked eve and visual inspections {eg., internal breakage of cable in
cable-staved bridges) [3]. Hence, demand for SHM using non-destructive testing (NDT) methods
has increased significantly. Currentiy, there are a variety of conventional methads which are being
applied based on non-destructive SHM principles such as visual inspection [6], magnetic flux leakage
{MFL) [7.8], eddy current sensing [4,10], acoustic emission [11-15], and guided wave [16—15], among
other techniques.

Traditionally, in the MFL method, the axial component of the magnetic flux density is used, which
causes misdetection in the case of axial cracks. Liunet al. [19] proposed a droumferential excitation
method to detect axial defects in pipelines. Also, they investigated the influence of a crack’s geometry

Sewzors D9, 193 A86%; doi: 10 3300519224864 wwwmdpd.comfournal fsensors
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Abstract:

Photoluminescence piezospectroscopy (PLPS) is a laser-based noncontact
and nondestructive stress measurement technique but has not been
studied extensively in the field of civil structural health monitoring. Using
the PLPS technique, the stress level can be measured by emitting a laser
source onto a target's surface. In this study, PLPS was attempted for
noncontact stress measurement of concrete. Alumina is one of the
chemical components of Partland cement, and is a highly sensitive
material for PLPS. Therefore, alumina in concrete can be used as a
passive stress sensor by PLPS. To investigate the spectral detectability at
different alumina rates, cement mortar specdmens were prepared with
increasing concentrations of additional alumina. It was determinad that
spectral detectability increases with increasing alumina concentration.
Then, uniaxial compression tests were conducted to investigate the
relationship between stress level and spectral shifts, It was ascertained
that compressive stress and spectral shifts have a negative linear
relationship. Then, the effective piezospectroscopic coefficients were
calculated to be -0.1574 cm-1/MPa and -0.1468 cm-1/MPa for the R1
and R2 bands. Finally, the repeatabllity test revealed that the test results
can be reproduced with an error of 2.2%. The experimental results
reveal that application of PLPS to cancrete can provide essential
information for structural health monitoring and allow for preventive
measures to be taken before collapse of cement structures.
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A Feasibility Study of Laser-based Concrete Stress Measurement
Technique

Namgyu KIM ', Jong-Jae LEE'
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ABSTRACT: In this paper, a feashility study lor a laser-based concrete stress measurement
technigue has been conducted and expenmentally validoted with umaxial compression tests.
Photolummescence prerospectroscopy (PLP3) method s widely used for measunng residusl
stresses i thermal barrier EJ.talqu,, and the techmgue 15 l:lein;g resenrched in civil engimeenng feld
recently thanks w113 lnser-based non-contact and non-destructive features, In this paper, non-
contect and non-destructive PLPS technigque 15 firstly applied o 2 conerete matenal for measuring
stress induced by external force. To do that, a pictospectroscopic material has been mixed with
cement powder. and a cubic specimen has been fabricated for uninxsal compression tests. Based
on the results of wmasual compression tests, 11 has been expenmentally proved that the apphed
compressive stresses mto the specimen and its spectral peak shifits have a linear relationship.

I INTRODUCTION

There are vanous studies looking f(or practically applicable nondestructive and nongontact
technigues for the concrele siress messurement, but the techmgues are sull unproved (o be
practically applied m the field: Photoluminescence prezospectroscopy (PLPS) 15 a potential
nondestructive esting techmguoe that con messure the concrete stress induced by external force.
Here, photolummescence (PL) 15 a result of hght emission process from any form of matter after
the absorption of photons, and it can be generated when a sample s iradiated by a laser. Using
the spectruom, the molecular struocture of a matersal can be sdentified. In addition, the stress state
of the material can be also determuned particularly for @-ALOy (alumina). 1€ s known as PLPS
technigue and widely used to determine the residual siress in thermal barmer coating (DM, Lipkin
el al (1996)). As shown in Figure 1, a eypical PL spectrum has two distinguishable peaks of R
and B2 lines at the wivenumbers of 14,403 cm' and 14,433 i.1:|:|", and the BRI and B2 Lines are
shifted to the left or right side from the stress-free spectrum when compressive or ensile siress is
applied into the sample, respectively. Based on the phenomena, the current stiress level ina parent
material can bie calculated.

In this study, o feasibility study has been therefore performed o use the slumina particles in
cement cibes as an 1n-sifu passive stress sensor usmg PLPS techmgue. Umastal compression tests
have been conducted to a cement cube specimen o mvestigate the presospectroscopme effect of
alwming in cement structure.
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Abstract: In this study, we aimed to design a coil sensor prototype capable of detecting metallic
area loss based on numerical simulations using the magnetic flux leakage (MFL) method. Unlike
previous numerical simulation-based studies, which are only conducted to obtain the MFL itself, the
main ohjectives of this study were (1) to acquire the induced current in the coil sensor and (2) to
optimize the apparatus based on a time-dependent numerical analysis. As a result, the optimum
values of parameters in magnetizing and sensing units were obtained numerically. A magnetic sensor
prototype was then fabricated using the optimum parameters obtained by numerical parametric study:
Finally, experimental validation tests were conducted on a solid steel rod specimen with a stepwise
cross—sectional reduction flaw. It was observed that numerical simulation had approscimately 91%
precision compared to the experimental fest. The results reveal that application of a nealistic numerical
simulation of an MFL coil sensor can probably provide essential information for MEL-sensor fabrication
and allows for preventive measures to be taken before manufacturing failure or defect misdetection.

Keywords: magnetic flux leakage; cooil sensor; numerical analysis; parametric study;
non-destructive test

1. Introduction

To assess the integrity of structures, structural health monitoring (SHM) for metal members,
such as pipelings in the oil and gas industry, load carrving cables in bridges, lifts, cranes, etc_, is an
essential task and must be done regularly to eliminate any chance of structural failure and economic
loss [1]. For instance, the current transport system for oil-gas products is a pipeline which requires
routine inspections due to the presence of humidity and underground pressure, because any metal
lnsses, cracks, and cormosions may cause an accident. Therefore, pipelines must always be functional
while being completely sound and intact [2,3]. Steel cables are the main load-carrying elements inan
enormous number of machines and structures. Although steel cables and ropes are designed to have
high strength, cross-sectional damage and internal breakage and cracks can still ocour during their
service life and may compromise the entire structural integrity [4]. However, these types of damages
are not easily detected by the naked eve and visual inspections {e.g., internal breakage of cable in
cable-staved bridges) [3]. Hence, demand for SHM using non-destructive testing (NDT) methods
has increased significantly. Currentiy, there are a variety of conventional methads which are being
applied based on non-destructive SHM principles such as visual inspection [}, magnetic flux leakage
{MFL) [7,5], eddy current sensing [4,10]. acoustic emission [11-15], and guided wave [ 1615, among
other techniques.

Traditionally, in the MFL method, the axial component of the magnetic flux density is used, which
causes misdetection in the case of axial cracks. Liwet al. [19] proposed a drcumferential excitation
method to detect axial defects in pipelines. Also, they investigated the influence of a crack’s geometry

Sewzars DG, 193 A865; doi: 10 3300519224864 wwwmdpd.comfoarnal fsensors
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Abstract:

Photoluminescence piezospectroscopy (PLPS) is a laser-based noncontact
and nondestructive stress measurement technigue but has not been
studied extensively in the field of civil structural health monitoring. Using
the PLPS technique, the stress level can be measured by emitting a laser
source onto a target's surface. In this study, PLPS was attempted for
noncontact stress measurement of concrete. Alumina is one of the
chemical components of Portland cement, and is a highly sensitive
material for PLPS. Therefore, alumina in concrete can be used as a
passive stress sensor by PLPS. To investigate the spectral detectability at
different alumina rates, cement mortar specmens were prepared with
increasing concentrations of additional alumina. It was determined that
spectral detectability increases with increasing alumina concentration.
Then, uniaxial compression tests were conducted to investigate the
relationship between stress level and spectral shifts, It was ascertained
that compressive stress and spectral shifts have a negative linear
relationship. Then, the effective piezospectroscopic coefficients were
calculated to be -0.1574 cm-1/MPa and -0.1468 cm-1/MPa for the R1
and R2 bands. Finally, the repeatability test revealed that the test results
can be reproduced with an error of 2.2%. The experimental results
reveal that application of PLPS to concrete can provide essential
information for structural health monitoring and allow for preventive
rmeasures to be taken before collapse of cement structures.

http://mc.manuscriptcentral.com/shmij
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Main focus of the research

+ Application of data calibration based on principal component analysis (PCA) to PSP

MULTI-LUMINOPHORE COATINGS FOR PRESSURE SENSITIVE PAINT APPLICATIONS, University of Florida 2005

PSP Problems of PSP
: . _ . — Vibrational level <-% [nternal Conversion
* Luminescence intensity is proportional to the oxygen * Temperature effect
=— Electronic State < » Intersystem Crossing
concentration (i.e., surface pressure) * Image registration and reference paint
v Vibrational Relaxation
* Photodeterioration s s ———
LR W —
* Response time and induction effects A f Absorption
....... i Kic ¢ Emission
—~ Excraton Lign Soues 4 ,
UV lamp. LED. o LASER) v Oxygen Quenching
kisc
8, L 4 v
[y
Absorptibn T
Fl ce
Phosphoresgence 0:
Ke
ko | ko kg[O:]
Sy X

MULTILUMINOPHORE COATINGS FOR PRESSURE SENSITIVE PAINT APPLICATIONS, University of Florida 2005

Binder is high oxygen permeable matter PSP measurement methods

* Primerisa coat of high reflective layer a ity-based imaging: i

ging by CCD unit and pressure is determined from the ratio
* PSP components are dispersed in a solvent and sprayed on the substrate. of wind-off to wind-on images.

0 Lifetime imaging: imaging by differences In the exponential decay rate of the

fluorescence.
Photostability
O signlet oxygen generated by excited luminophore (quenched by ground state oxygen) is
very reactive and cause photodegradation.
excitation emission
O 4
(o5 8} Unquenched
a7 0, 0, luminophere
Quenched
luminophore

Substrate
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Hybrid Carbon Fiber Alumina Nanocomposite for Non-contact Stress Sensing via Piezospectroscopy, UCF, 2017

* Nano particle of alumina was added to hybrid carbon fiber reinforced palymer (HCFRP}  + Alumii oxide (alumina) is popular b of its high temperature capacity
* high resolution photo-luminescent maps was performed to determine particle (thermal barrier coating). Also, it is used as non-contact stress and damage
dispersion with varying alumina content. detection technigue.

* Strain measurement using digital image correlation (DIC) was conducted as well.

* Photeolumi (PL): is light emission from any matter after the absorption of
photons.
Aerospace structure manufactured using a hybnd carbon ] 7 - = 3
SR 2 * Piezospectroscopy (PS5): an emerging hnique for spectral

fiber with embedded nano stress-sensors
emissions as they change with stress.

Alumina nanoparticle hybrid carbon
fiber remforced polymer (HCFRP)

R lines: The intense fluorescence lines used in the piezospectroscopic stress analysis

_\J':Il,_,fr,J

Furthermore, by averaging overmany grains at random orientation, a reduced polycrystalline
model can be obtained as below

Schematic representation of the stress
map result for future application

Hybrid Carbon Fiber Alumina Nanocompaosite for Non-contact Stress Sensing via Piezospectroscopy, UCF, 2017

* DIC: is an optical measurement technique used to detect surface strains.

* Photo-Stimulated Luminescent Spectroscopy
1. Spectrum in stress-free state is accessed.

2. load increment and hold for measurement {25 MPa)

3. Finally, Last data measurement is obtained when specimen is

unloadad,

~ Photo-Stimulated Luminescent Spectroscopy

* In this study, photo Luminescent was obtained only in the static

state, while DIC images were acquired during both static and ramp

up.
PR
: Wavesusnber ear’)
0
- = vy &
7 i w i
£ 03 = 3
€ £
g H
4 2 [Pl e
Warenumber (car!) Warvensbrs (s}
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Hybrid Carbon Fiber Alumina Nanocomposite for Non-contact Stress Sensing via Piezospectroscopy, UCF, 2017

* High Resolution Photo-Lumi Mapping * Effective factor on piezospectroscopy
* Particulate dispersion analysis: . Particle sedimentation

l.  Particle agglomeration = causes fluctuation and non-uniform during

measurement
Swt%, front and back: 10wt%, front and back: 15wt%, front and back: 20wt%, front and back:
Side A . S sitde A Side B Side A Side &
15,000 Side A Side B . i = 400,000
160,000
o 0,000 5 500,000
140,000
—_ = 25,000 ] =
E 0000 = < a2 £ 120,000 = £ a0 2
EX 3 E 5 E 2 = £ 3
o ] = 000 F = 110,000 & = ,;;
g z g i & gz & 00000 2
2 = 5 w0 15,000 g w0 80,000 5 Z
A 5000 Z 2 = k] z £ z
= = 1,000 & = 000" & a o0 &
40 0 40,000
5,000 100,000
20,000
o 50 50 0 50 o o
a 8 12 4 3 1 4 &8 1 4 8
Distance (mm) : ] i
Distance (mm) Distance (mm) Distance (mm)
./
©
Particle sedimentation (due to excessive amount
An ideal and uniform sample with perfect dispersion would be portrayed as a tall additive) and agglomeration.

peak with a very narrow full width at half maximum (FWHM). On the other hand, a

non-uniform sample would have a short peak with a large FWHM.

Hybrid Carbon Fiber Alumina Nanocomposite for Non-contact Stress Sensing via Piezospectroscopy, UCF, 2017

Piezospectroscopic Maps

188 ML 2330 Mba 7434 Mbs 328,07 Py 6T B2

H

* Photo-Luminescent Mapping

b

* Stress mapping t
& ‘ 1
£ e 5

Dstanca frvm)

* At each static hold, pi ic map was acquired.

P P
DIC Biaxial Strain Maps
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Moisture ingression occurred during
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Piezospectroscopic Calibration of Alumina Nanocomposites for the Development of Stress-Sensing Structures, UCF 2012

* Objectives:

1. Photol y under tensile stress.

(PL) of alumina-ep

2. PS coefficient under tension.

* a-Alumina PL

R1

R;: 14403 em™t

R,y: 14433 em ™t

Arbitrary Intensity (cps)

Wavenumber (cm)

Arbitrary Intensity (cps)

Applied Tensile Load

* Piezaspectroscopy

A
= ~—Unloaded

==Loaded

Ps Coefficient

Av {cm/MPa)

R1:14403 cr!  R2: 14433 et

Wavenumber (cm™) Stress (MPa)

Piezospectroscapic Calibration of Alumina Nanocomposites for the Development of Stress-Sensing Structures, UCF 2012

* Objectives:

1. Photol y under tensile stress.

(PL) of alumina-ep

2. PS coefficient under tension.

* PS5 coefficient Polycrystalline Alumina:

Considering a large number of randomly oriented grains:

Av = Efﬁn + 72z + Was) (11 + a2 + Ta3)

By 1

the above equation can be expressed as follows:

2
Av = —(my + Top + T30

ting transverse stress (g = 0) and assuming equal plane stress (o = o = ).

* Deconvolution and Curve-fitting of Photo-luminescent Data

A genetic algorithm based procedure was used to deconvolute R-

lines peaks
aszd + -
o Expsriment
s —— Filted
[ — Decomvtiuted A1 | |
R2
250 1
i 1
£ st 4
z
1k 4
ost 4
o 1
I \ L \ ,
433 1436 1438 T4 1442 1484 1446 1448
Wavatengih (emrY) w0
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Piezospectroscopic Calibration of Alumina Nanocomposites for the Development of Stress-Sensing Structures, UCF 2012

* PL data collection: * Strain (Fiber Bragg ing)

| Aluminum
End Tabs

Bulk Aluming
Nanacompasite

13 14 @‘@ 17 18

24 23 22 21 20 19

|

h 4

* PLdata collection:

* Measurement was done by considering only the 4 points highlighted in the middle of the specimen. Then, averaged results were obtained.

Piezospectroscopic Calibration of Alumina Nanocomposites for the Development of Stress-Sensing Structures, UCF 2012

Figure 4,5 4.6, and 47 show it within the RE e region for ol volune

th el puarticless esdiibited

* PL data collection: applicd teiile oad. The cud of the lin ot wis dlelined us the elastic lniit or e
b o Y R1 Peak Shift with Strain A Lo R1 Peak Shift with Strain L o R1 Paak Shift with Strain
nrod ey a1y e

7 ‘ ¢ oo 011 | n-umm-

5 r\|

f w y

1 Peak Shify fom )
&
L

A1 Peak Shift (em)

1 Poak Shif (e}
e @
g 2

00 3 w0 e w0
r 003 R "‘"
o ‘\L 0.05
o 100 00 300 400 500 500 700 a 50 100 150 200 250 300 350
FBG Strain [pe) FBG Strain (ue)
poa i RZ Peak st sikh siral R2 Peak shift with Strain o8 R2 Peak Shift with Strain
o1 ki
e 2 2
—oas | | o
E 7 | 1 | | £
£ T | + 350 H
o o go
s L | 1 i i V]
= 1 ) o
a.04 J E X - %0
; ] 1
I =
el F8G Strain (ua]
f -
o ,
T e 2 86 e ) i

Figure 4.5: 21.0% R1 and R2 Peak Shift with Strain Figure 4.6: 31.2% R1 and B2 Peak Shift with Strain Figure 4.7: 34.5% R1 and R2 Peak Shift with Strain
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Piezospectroscopic Calibration of Alumina Nanocomposites for the Development of Stress-Sensing Structures, UCF 2012

of 1 behavior:

* Nanoparticle volume fracture
By increasing volume fracture of the alumina particles, peak shift increment
becomes more intense (alumina has higher modulus compare to epoxy).

* Micromechanic effects in tension
By increasing volume fracture of alumina (which causes several micro
mechanics issues such as interfacial layer failure, microvoid formation and
crack initiation), less ductile epoxy is obtained and therefore less elastic strain
will be observed.

* Peak separation:
If by increasing strain, peak separation between R1 and R2 happens, it can be

said that stress state has deviated from hydrostatic stress.

P5 Effect by Volume Fraction
oos
oon 4
_oar
Soos s .
N "
Hoo
El w
Eo0e
13
(Y .
ooz . “1100m
& LT
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o
o n ® 03 100 w1
FBG Sarain (ua)
Figure 4.8: PS8 Resules for Vardable Volune Fractions

Elastle Limit by Volume Fraction
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Figure 4.9: Elustic Limit by Volume Fraction
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Figuee 4.10: Peak Separation with Increasing Tensile Load

Nanocomposite Coating Mechanics via Piezospectroscopy, UCF 2014

* Main focus of this study:
of composite sp
* Performing complementary DIC and PS.

*  Elastic modull

with a whole

* Alumina:
* High hardness

* High elastic modulus

strength retention at high temperatures

Thermal/electrical insulation

Wear/corrosion resistance

¢ PS:

Damage is usually defined as reduction in stiffness (elastic
degradation] through mechanical loading or by reduction in the
effective stress carrying area.

PS coefficient increases by increasing alumina’s volume fracture.

* Aluming deposition:

* Plasma spray reduces the alpha phase after deposition.

* epoxy does not reduce alpha phase.

* Ps:

* R1 and R2 lines have different sensitivities.

* Peak broadening is a sign of non-hydrostatic stress

Table 2.1: Experimental PS coeflicients (I1.) for R1 and R2 peaks [92, Qil__
Volume Fraction % | R1 PS Coellicient r('“,,(: R2 PS Cocllicient "(’,!',,”L
5 -3.16 -2.60
20 -3.34 -3.19
25 -3.65 -3.42
34 =4.10 -3.88
38 =5.63 -5.08
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Nanocomposite Coating Mechanics via Piezospectroscopy, UCF 2014

A = _Hiigjj

3 e

Hydrostatic stress condition *

(*) He and Clarke introduced a reduced polycrystalline model

Av, = 1l.o,
s

Under test condition

a, 0 0
[ 0o 0 ﬂl
o 0 0

Increasing volume
fracton of 41,0,

Figure 2.2: The Piezospectroscopic relationships for different loading conditions of a PS

constituent.

PS Down-shift (em!)

Nanocomposite Coating Mechanics via Piezospectroscopy, UCF 2014

PS and strain measurement:

* Coating alumina using epoxy

1 .
.‘AU = EH,‘,‘O“ = ]\PH“E,-;

o
tH

a)

Pa)

i

b)

% Mori-Tanaka

<+— Strain Gage Modulns

by ;
| Uniaxial Stress Uniaxial Stram

Fri s
N 5 003 & y81| —T Uniaxial Strain PS modulus |
. ,-f" 5 = Uniaxial Stress PS modulus
- 4 7 2
015 ’ = =
.
2 E 12 b
. é 0.02 = | |
01 s 5 210 |
w &
A 2 £ .
- 00 E /
oust v S 8 / ef; = ef(1 = 2v%)
/f' g £ 4 M =
=
2 R %
¢ : 2 3 = ¥ of . 3 5 & s 2 iahasiid £f measured by stain gage
=, 0 10 20 30

Compressive uniaxial strain (nun/m)
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Volume Fraction

- 134 -




Nanocomposite Coating Mechanics via Piezospectroscopy, UCF 2014

DAMAGE MECHANICS FOR PIEZOSPECTROSCOPIC MATERIALS:

* Coating alumi) ing epoxy
g cluming weing o * Elastic degradation (caused by plastic deformation) of 3 different volume
* PSdetermination of plastic deformation

fracture of alumina
014 14
a) b i 20%
012 12
a1 < 10,
. g
008 2 8
0.08 E 8 L
=
004)y 2 4 a
= =@ ps Midulus L B = PS Modulus.
002 o =B Load Cell Modulus =@ Load Cell Mochuliss
|1 . o n
L g 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 &4 5
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Compressive umiaxial strain (mm/m) Compressive uniaxial suam (nunm)

Fi ar Fignre 3.8: The degradation of the elastic modulus calenlated fonm both the load
1 4

(a) The initial and final 'S states marked on the 'S response to be a function
. - " < . ’ s . el /strain gage ’S response data for cach volume fraction.  The mechanies was
of the elastic states. (1) The dastic degrdation compited from the PS states in (a) nsing cellfstrain gagé Anid P odtionsd datwifor Eadi-Yolaiie [aetivn, “The meclianics w

Equation 3.21. applied to data abfained in previons work [24].
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PIEZOSPECTROSCOPY OF PLASMA SPRAY COATINGS PIEZOSPECTROSCOPY OF PLASMA SPRAY COATINGS
* Obtaining elastic modulus under cyclic loading using snake scan pattern * Plasma coating and rapid cooling can lead to partial bonding and may create
i) ) o inelastic {irreversible defor ion) and lastic (i i and r il
&
=z deformation) behavior.
i
7 .
2 2y

= ALY

Strea i)

d.
£
b Fignre 120 FBG sensar stress on the coating surface (a) and the PL peak shift for R1
i
s (b} for all three substrate thicknesses. The errar bars represent one standard deviation
o 0s 1 15 2 25
Distance (m) ] of the peak shift in the mapped area. [29]

Figure 4.1: The conpled load frame and spectrometer probe setup (a). view of the gauge
Reason of this behavior

section (b). the tensile load evele (¢). peak shift distribution map before the third evele Stress relaxation eauses breaking of weak bonds in the brittle Al203.
* Opening and closing micro cracks.

begins (d). and a highlighted seetion of the load cyele with corresponding peak shift

distribution maps (e). [29]
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PIEZOSPECTROSCOPY OF PLASMA SPRAY COATINGS PIEZOSPECTROSCOPY OF PLASMA SPRAY COATINGS
* Anelstic behavior (c) and inelastic behavior (a & b) * Non-linear behavior caused by microstructure damage
" s Aluminum M"'"\r-"
015 b *Te) BRI Unloaded [~ — )
ol & 015 + substrate APS coating { ) }
s i 1 -AlLO; APS I =i
. o T E &0 SRS
o 2 coating
05 008 E
it ’ E -
015 005 ’ H . Loading.
5 , H
- 005 z Bonds break,
o ot at ',‘: and cracks
a3 015 o1 2 0 . i
o % 100 130 30 ® 10 0 ¢ ) w2 g 1 ] 3 %
Substrate stress (MPa) Substrate stress (MPa)  Substrate stress (MPa) Cyele number

Damaged splat
region, reduced
stiffness

Figure 4.4: The evelic vesponse of the peak shift with respect to substrate stress for the

1/8 inch (a), 1/4 inch (b), and the precyeled 1/5 inch substrate (c¢). The first order PS

coefficients for each substrate thickness as a function of eycle mumber (d). The error bars  Figure 4.5 A schematic of the conting-substrate system and some insights into the

tepresent one standard deviation of the peak shift in the mapped area. [20] wicre-mechanical damage mechanisms sugeested by the bebavior of the PPS response. [30]
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PS shift for damaged epoxy based composite [hole) under tension (til failure point)
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