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The interaction of heat and moisture with fiberreinforced polymer composites over a long duration is known to cause physical
and mechanical degradation. In this paper, an attempt was made to evaluate physical and mechanical changes in carbon fib-
er—reinforced polymer (CFRP) by an unconventional nondestructive approach before and after varied duration of exposures to
hygrothermal (HT) treatment at an elevated temperature (80 °C/353 K) up to 800 h. As a novel approach, laser-induced ther-
moelastic waves were utilized for characterization of the material. Wave characteristics, such as wave amplitude and velocity of
propagation, were studied over different duration exposures of HT treatment to detect and quantify HT-induced property changes
in the material. Results show that the aging effect attenuated the wave to a factor of 2.75 and significantly reduced the velocity
of wave propagation by 20% compared to that of the pristine material, revealing the degradation in the material caused by HT
exposure. The proposed methodology has the potential to monitor the health of fiber-reinforced polymer composite structures
that have undergone hygrothermal aging.

BizoMo, 110 B3a€MOJis TEIIa Ta BOJIOTH 3 TOJIMEPHUMH KOMIIO3UTAMHU, APMOBAHMMH BOJIOKHOM HPOTATOM TPUBAJIOTO Hacy,
BHUKJIMKae (Pi3UUHy Ta MEXaHIUHy Jerpajaiito. Y miid ctarti Oymno 3podiaeHo cipoly ouiHUTH (Pi3UUHI Ta MEXaHIYHI 3MiHH B
noJimepi, apMoBaHoMy BymierieBiM BookHOM (CFRP), 3a mormomororo HeTpaanuiitHOro HepyHHIBHOTO MiAXOMY JI0 Ta MiCist
pizHoi TpuBanocti BruuBy rirporepmivaoi (I'T) 00poOku npu migsumeniit Temmneparypi (80 °C / 353 K) mo 800 rox. B sxocTti
HOBOTO MiAXOAY TEPMOIIPY>KHI XBHWIIi, IHAYKOBaHI J1a3epoM, OyJin BUKOPUCTAHI IS BU3HAYCHHS XapaKTEPUCTUK MaTepiaiy.
XapaKTepUCTHKH XBHJIb, TaKi, K aMIUTITya Ta MIBUAKICTH MOIIUPEHHS XBWIi, OyJIM BUBYECHI MPOTATOM Pi3HUX TPUBATOCTEH
BrtuBY rirporepmiunoi (I'T) 0OpoOku A BU3HAYEHHA Ta KUIBKICHOT OIIIHKM 3MiH BJIACTHBOCTEH MaTepiany, BUKINKAHUX
I'T. PesynapraTtu mMokasyioTh, M0 epeKT CTapiHHSI MOCIa0UB XBUIIO B 2,75 pa3u i 3HAYHO 3HU3UB IIBHIKICTh MOIIUPEHHS
xBuii Ha 20 % TOPIBHSAHO 3 BUXIAHUM MaTepianoMm, BUSBUBIIH JETPAJallifo MaTepiany, cnpuanaeHy BruBoM ['T 06pooxn.
3anmpornoHOBaHA METOJOJIOTIS Ma€ MOTEHINIaN A MOHITOPUHTY CTaHy apMOBAaHUX BOJOKHOM ITONIMEPHUX KOMIO3UTHUX
KOHCTPYKIIiH, 10 3a3HAJH TIrPOTEPMIYHOTO CTapiHHS.
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neering properties. The literature also shows that the
glass-transition temperature of the material is altered

Introduction
Advanced composites are increasingly being used

for structural applications of aerospace components.
Carbon fiber— reinforced polymer (CFRP), an ul-
tra-lightweight structural material, is widely used in
the aircraft industry for its excellent engineering prop-
erties, mechanical durability, low density, and temper-
ature and chemical resistivity. During flight, aircraft
undergo rigorous fluctuations in temperature and mois-
ture exposure, which lead to a gradual degradation of
the components over a long period. This gradual deg-
radation is known as hygrothermal (HT) aging. It in-
duces gradual and permanent changes in composites. It
can lead to water-polymer interaction, which results in
swelling, subsequently altering the molecular structure
along with the plasticization of polymer resin (Nogue-
ira et al. 2001; Moy et al. 1980; Zhou and Lucas 1999;
Xiao et al. 1997; Xiao and Shanahan 1998). This, in
turn, deteriorates the material in terms of its engi-
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by HT aging, limiting the working temperature of the
material. Researchers have observed that the water ab-
sorption behavior of carbon-epoxy composite follows
a Fickian law, and the rate to saturation increases with
the relative humidity and temperature (Korkees et al.
2018). Consequently, a drop in mechanical properties
occurs due to HT aging (Cysne Barbosa et al. 2017;
Sun et al. 2011).

In the aviation industries, a periodic maintenance
check of aircraft structural components is performed
after a certain number of flying hours. This consumes
enormous amounts of time, money, and effort. Nonde-
structive testing (NDT) techniques in this regard can
be an effective tool to detect and track the health of
aged structural components. In this regard, the acous-
tic wave propagation parameters of the material are
capable of real-time health monitoring over the whole
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structure. Wave propagation characteristics are strong-
ly related to the elastic and microstructural properties
of a material (Choi et al. 2018; Angulo et al. 2017;
Gagar et al. 2014). Thus, slight variations in material
properties caused by the aging process lead to an alter-
ation in the wave propagation characteristics (Katunin
et al. 2015; Park et al. 2014; Mouritz et al. 2000; Park
et al. 2008). It was shown that the ultrasound technique
shows effectiveness in evaluating aging in composite
material (El Guerjouma et al. 2001). Hong and others
showed the effectiveness of ultrasound wave propaga-
tion to evaluate HT aging (Hong et al. 1995). Also, the
literature shows the potential ability of guided waves
for successful detection and evaluation of defects/dam-
age and progressive damages in composite structures.
The symbolic time series analysis has shown a great
potential in detecting barely visible indentation damag-
es (Mustapha et al. 2016; Fakih et al. 2017).

Unconventional Thermoelastic Wave Genera-
tion in Polymer Composites. In this study, a novel
approach was adopted for the generation of acoustic
waves in CFRP material. Acoustic waves can be gener-
ated in composite material using a focused high-pow-
er laser beam of constant energy, which induces ther-
moelastic waves, which propagate in the material. The
thermoelastic phenomenon is the result of the absorp-
tion of laser energy into the surface layer of the mate-
rial, which results in a localized temperature increase.
By setting suitable pulse energy parameters, the sur-
face layer can be excited. This excitation of the lay-
er results in the generation of acoustic waves. These
waves are basically stress waves that are born due to
the coupling between temperature and strain rate in
a material. Due to the material’s thermal conductivi-
ty, this heat travels through the media, generating heat
waves. These heat waves create compression and rar-
efaction, which result in thermoelastic waves (Wang
and Xu 2001; Lyamshev 1981).

Experimental Details

Fabrication of CFRP. A CFRP laminate was
fabricated using bidirectional carbon fabric as the
reinforcement and thermoset epoxy resin Araldite

Epoxy resin applied after
each carbon layer

0/90 layers

Breather ply
Porous release film

Peel ply

CFRP composite layers (#12)

(0/90 layers, +45 layers) +45 layers

Peel ply
Nonporous release film

Vacuum hose Whole assembly of layers
Vacuum bag
¥ Sealing tape

Supporting plate
Figure 1. A schematic of composite laminate fabrication using the
vacuum bagging technique.
Puc. 1. Cxema BUTOTOBIICHHSI KOMITO3UTHOTO JIAMIiHATY 3 BUKOPH-
CTaHHSM METOIY BaKyyMHOTO MTaKyBaHHS
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LY5052 as the matrix with a lay-up sequence of
[(0/90),(45),(0/90),].. The schematic for laminate fab-
rication is shown in Figure 1. The laminate was cured
at room temperature using the vacuum bagging fabri-
cation process.

A plate thickness of 2.718 mm with a standard devi-
ation of 0.042 mm was obtained. The laminate was cut
to a size of 280 x 280 mm to fit in the hot water bath
tank. The sensor positions were marked with circles.
The schematic of the specimen is shown in Figure 4.

Accelerated Hygrothermal Aging To induce and
accelerate the aging in CFRP, the laminate was kept
in a hot water bath for HT treatment at the elevated
temperature of 80 °C (353 K) for different durations
up to 800 h.

The acoustic parameters were measured before
HT and at time intervals of 24, 48, 72, 144, and fi-
nally at 792 h of HT treatment. A uniform temper-
ature was maintained for the entire duration of the
treatment. Moisture absorption was measured by the
increase in the mass of the laminate. Mass measure-
ments were taken nearest to the 0.0001 g. Figure 2
shows the plot of moisture absorption (m,) against
the duration of HT treatment. Initially, a rapid gain
in moisture absorption was observed, and it tended to
saturate as the treatment was prolonged.

Flexural Strength Tests. To evaluate the me-
chanical degradation occurring in the CFRP, three-
point bending tests were performed at the end of
each stage of HT treatment. A schematic of the set-
up is shown in Figure 3. Tests were performed as
per ASTM D2344 M (ASTM 2016) using a univer-
sal testing machine of 25 kN capacity. The stand-
ard span-to-thickness ratio of 32:1 was adopted.
The specimen length and width adopted were 120
mm and 13 mm, respectively.

2.5

2.0
15
<

=

1.0

0.5

0.0

0 200 400 600
Duration of HT treatment (h)
Figure 2. The moisture absorption (m,) in the CFRP specimen for
different durations of hygrothermal (HT) treatment.
Puc. 2. IlormuaanHs BosoTH (mt) y 3pa3Ky BYIJICIUIACTUKY IJIS
pizHoi TpuBanocri rirporepmigHoi (I'T) 06poOku
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@R:S.O:OJ mm

CFRP test specimen

<«—— Support span (96 mm)}——

Figure 3. A schematic of the three-point-bending test.
Puc. 3. Cxema BunpoOyBaHHS Ha TPUTOYKOBHI BHUTHH

The test results show the effect of HT aging on the
flexural properties of CFRP (Figure 4). Overall chang-
es in flexural modulus (E) and ultimate strength (o)
as a function of the duration of HT treatment were ob-
tained and presented. It can be observed that both of
these properties of composite specimens degraded con-
siderably due to the HT treatment. The loss of ultimate
strength of the specimens. The modulus was reduced
by 7%, whereas the reduction in strength was found
to be 26%. Also, the stiffness degradation in compos-
ite specimens was further correlated with the acoustic
wave parameters obtained nondestructively.

Thermoelastic Wave Technique. In this study, the
thermoelastic generation of acoustic waves by focused
high-energy short-pulsed laser radiation on a composite
laminate was experimentally demonstrated and its po-
tential in evaluating the aged health of composite ma-
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terials was investigated. External laser pulses (1 = 1064
nm) were irradiated over the laminate surface at a nor-
mal angle. The laser energy interacted with the laminate
surface, which induced rapid localized heating, and
thermoelastic expansion (that is, a high strain rate and
thus emission of acoustic waves). The laser energy de-
livered per shot was 150 mJ with a pulse duration of 10
ns and over 8§ mm of beam diameter with a wavelength
of 1064 nm. The resulting parameters of the waves
were studied by the acoustic emission transducers.
Those were plugged over the laser irradiated side
of the laminate surface using vacuum grease. The
schematic of the acoustic wave propagation and posi-
tioning of the sensors is shown in Figure 5. As for the
acoustic waves, attenuation is governed by the fol-
lowing equation: reduction in stiffness was relatively
lower as compared to the
A=Ae™ (1)
where A is the amplitude of the wave signal at the
location of sensor 1, A, is the amplitude of the wave
signal at the location of sensor 2, x is the distance
between the sensors, and a is the acoustic attenuation
coefficient for the composite material.
Two acoustic emission transducers (sensor 1 and
sensor 2) were placed diagonally with 148 mm be-
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Figure 4. Plots showing mechanical degradation in CFRP with respect to the duration of HT treatment: (a) elastic modulus (E ); (b)

ultimate strength (G, ).

Puc. 4. I'padiky, 1110 MOKa3yIOTh MEXaHIUHE PyHHYBaHHS Yy 3aJIe:KHO Bin TpuBanocti I'T 06podku: (a) momyis npyxHocTi (E); (6) Mexa

MinHOCTi (G,)
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Figure 5. A schematic of wave propagation in the CFRP
specimen along with the positions of the sensors.
Puc. 5. Cxema mommpeHHs XBUII y 3pa3Ky BYIJIETUIACTHKY
pa3oM i3 MONOKEHHSAMH JTATYHKIB
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Figure 6. A typical ultrasound signal.
Puc. 6. TunoBuii ynbTpa3ByKOBUIl CUTHAI
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tween them to receive the generated thermoelastic
waves as shown in Figure 5. A typical ultrasound
signal is shown in Figure 6. The signal amplitudes
(A, and A)) detected at sensor 1 and sensor 2 and
the time taken by the signal to travel from sensor 1
to sensor 2 (dT) were recorded. Knowing the am-
plitudes measured by these sensors at their respec-
tive diagonals and the distance between them, the
acoustic attenuation coefficient (a) was evaluated at
each stage of HT treatment using Equation 1. Also,
knowing the dT values and distance between the
sensors, the wave velocity (V) was obtained using
Equation 2, where x is 148 mm (distance between
the sensors):

X
- 2)

through the material, its elastic and kinetic ener-
gies were absorbed and converted into heat. The HT
aging in the specimen

Evaluation of Hygrothermal Aging using Wave
Attenuation. The effect of HT treatment on the ther-
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Figure 7. The effect of hygrothermal (HT) treatment on wave
attenuation coefficient (a) in the CFRP specimen.
Puc. 7. Brmus rirporepmiunoi (I'T) 06poOku Ha koedimieHT 3ra-
caHHs XBHJI (01) Y 3pa3Ky BYIVICTUIACTHKY
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moelastic acoustic wave attenuation coefficient was
found. Figure 7 presents a plot of the attenuation coef-
ficient against the duration of the HT treatment in the
CFRP specimens. This coefficient was calculated by the
attenuation law using Equation 1 between the positions
of sensor 1 and sensor 2. The coefficient has shown a
considerable increase in the coefficient as the HT treat-
ment was prolonged. This trend approximately follows
a parabolic variation with respect to the extent of aging.
A gain in the attenuation coefficient indicated an
increase in the damping properties of the CFRP com-
posite material due to the HT treatment. While the
thermoelastic wave passed resulted in altering the
damping and impedance properties of the CFRP com-
posite material, which resulted in more attenuation.
To predict the mechanical degradation in CFRP
using nondestructive parameters, a correlation be-
tween elastic modulus and ultimate strength with
the attenuation coefficient was established. The cor-
relation is shown in Figure 8. Both of the mechani-
cal properties of the material show a decreasing trend
with respect to the attenuation coefficient obtained.
Further, by generating a rigorous database, a strong
relationship can be obtained. As this coefficient was
evaluated using a nondestructive approach, this meth-
odology can be an effective tool in estimating the me-
chanical degradation in CFRP composite materials.
Evaluation of Hygrothermal Aging Using Wave
Velocity. An attempt was made to evaluate the effect
of HT aging on the velocity of acoustic wave prop-
agation through this nondestructive approach. The
time taken (dT) by the waves to travel from the po-
sition of sensor 1 to sensor 2 (averaged over four
diagonals) was recorded at each stage of HT treat-
ment. An increase in the time taken by the wave to
travel the distance of 148 mm was observed. Using
Equation 2, the wave velocity was determined, and
its trend with the duration of HT treatment is demon-
strated in Figure 9. A consistent decrease in the trend
was observed. Overall, an approximate 20% decrease
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Figure 8. The correlation between mechanical parameters and attenuation coefficient (a) of CFRP: (a) elastic modulus (E); (b) ultimate

strength ().

Puc. 8. Kopensmis Mi>k MEXaHIYHUMH MapaMeTpaMH Ta KOe(illieHTOM 3racaHHs (o) ByIIeIUIacTuKy: (a) Moxyns npysxkHocti (E); (6)

Mexka MilHoCTi (G,)
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Figure 9. The effect of hygrothermal (HT) treatment on the
velocity of thermoelastic wave propagation (V).

Puc. 9. Brumus rirpotepmiunoi (I'T) 06po6ku Ha MBUIKICTE HO-
LIMPEHHS TePMOINPYKHUX XBUIH (V)
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Figure 10. The correlation between mechanical parameters of
CFRP and thermoelastic wave velocity (V): (a) elastic modulus
(E); (b) ultimate strength (o).

Puc. 10. Kopensitis Mi>k MexaHIYHUMHU HapaMeTpaMH ByTIie-
IUTACTHKY Ta MIBHIKICTIO TepMmonpyxHoi xBuii (V): (a) MOoaynb
npysxHocri (E); (6) Mexa minHoCTi ()

in the velocity of wave propagation was found over
800 h of the treatment. The rate of velocity decrement
was found to decrease as the aging prolonged. As the
aging resulted in lowering the elastic properties of
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CFRP, a decrease in the wave velocity was expected
and the same is observed in Figure 9.

Further, a correlation of the elastic modulus and ulti-
mate strength of CFRP with acoustic wave velocity was
obtained. Figure 10 presents the trend of the mechan-
ical properties withthe velocity of wave propagation.
Both of the properties show an increasing trend with re-
spect to the wave velocity obtained. This indicates that
the reduction in the velocity of propagation signifies a
decrease in the health of the material. A straight-line fit
goes fairly well with the data. With a rigorous database,
a strong correlation can be made to evaluate the aged
health of CFRP just by analyzing the wave parameters
through this nondestructive approach.

Conclusion

An unconventional and unique NDT approach was
presented through this study. Through the experiments,
HT aging has shown a significant effect on the ther-
moelastic wave propagation characteristics in CFRP
laminates. The aging was characterized on the basis of
two thermoelastic wave parameters: wave amplitude
and wave velocity. The attenuation, evaluated through
wave amplitude, and wave velocity have shown signif-
icant changes as a result of aging. Thus, a gain in the
attenuation coefficient and a decrease in the wave ve-
locity can be effective parameters for monitoring the
aging of this type of structure, as these have been cor-
related with mechanical properties of CFRP. This tech-
nique has the advantage of being a noncontact simu-
lation of waves, which can be further developed into
an effective health monitoring tool to form a strong
relationship between the thermoelastic properties of
CFRP and the extent of degradation due to HT aging.
Hence, by listening to the sound, the aged health of
CFRP composite material can be effectively evaluated
through this novel and unconventional NDT technique.

References

1. Angulo, A., J. Allwright, C. Mares, T.-H. Gan, and S. Soua,
2017, “Finite Element Analysis of Crack Growth for Struc-
tural Health Monitoring of Mooring Chains Using Ultrasonic
Guided Waves and Acoustic Emission,” Procedia Structur-
al Integrity, Vol. 5, pp. 217-224, https://doi.org/10.1016/ j.
prostr.2017.07.119.

2. ASTM, 2016, ASTM D2344/D2344M-16: Standard Test
Method for ShortBeam Strength of Polymer Matrix Com-
posite Materials and Their Laminates, ASTM International,
West Conshohocken, PA.

3. Choi, Y., S. Haider Abbas, and J.-R. Lee, 2018, “Aircraft Inte-
grated Structural Health Monitoring using Lasers, Piezoelec-
tricity, and Fiber Optics,” Measurement, Vol. 125, pp. 294—
302, https://doi.org/10.1016/j.measure ment.2018.04.067.

4. Cysne Barbosa, A.P., A.P.P. Fulco, E.S.S. Guerra, F.K. Ar-
akaki, M. Tosatto, M.C.B. Costa, and J.D.D. Melo, 2017,
“Accelerated Aging Effects on Carbon Fiber/Epoxy Com-
posites,” Composites Part B: Engineering, Vol. 110, pp. 298—
306, https://doi.org/10.1016/j.compositesb.2016.11.004.

5. El Guerjouma, R., J.-C. Baboux, D. Ducret, N. Godin, P. Guy,
S. Huguet, Y. Jayet, and T. Monnier, 2001, “Non-Destruc-
tive Evaluation of Damage and Failure of Fibre Reinforced
Polymer Composites Using Ultrasonic Waves and Acoustic
Emission,” Advanced Engineering Materials, Vol. 3, No.

45




HAYKOBO-TEXHIYHWUW PO3IN

11.

12.

13.

14.

15.

8, p. 601-608, https://doi.org/10.1002/1527-2648(200108)
3:8%3C601::AID-ADEM601%3E3.0.CO;2-9.

. Fakih, M. A., S. Mustapha, M.M. Alamdari, and L. Ye, 2017,

“Symbolic Dynamics Time Series Analysis for Assessment
of Barely Visible Indentation Damage in Composite Sand-
wich Structures Based on Guided Waves,” Journal of Com-
posite Materials, Vol. 5, No. 29, pp. 4129-4143, https://doi.
org/10.1177/0021998317696138.

. Gagar, D., M. Martinez, and P. Foote, 2014, “Development

of Generic Methodology for Designing a Structural Health
Monitoring Installation Based on the Acoustic Emission
Technique,” Procedia CIRP, Vol. 22, pp. 103-108, https://
doi.org/10.1016/j.procir.2014.07.122.

. Hong, G., A. Yalizis, and G.N. Frantziskonis, 1995, “Hygro-

thermal Degradation in Glass/Epoxy — Evaluation via Stress
Wave Factors,” Composite Structures, Vol. 30, No. 4, pp.
407417, https://doi.org/10.1016/0263-8223(94)00063-8.

. Katunin, A., K. Dragan, and M. Dziendzikowski, 2015,

“Damage Identification in Aircraft Composite Structures:
A Case Study Using Various Nondestructive Testing Tech-
niques,” Composite Structures, Vol. 127, pp. 1-9, https://doi.
org/10.1016/j.compstruct.2015.02.080.

. Korkees, F., C. Arnold, and S. Alston, 2018, “An Investiga-

tion of the LongTerm Water Uptake Behavior and Mecha-
nisms of Carbon Fiber/977-2 Epoxy Composites,” Polymer
Engineering and Science, Vol. 58, No. 12, pp. 2175-2184,
https://doi.org/10.1002/pen.24830.

Lyamshev, L.M., 1981, “Optoacoustic Sources of Sound,”
Soviet Physics Uspekhi, Vol. 24, pp. 977-995, https://doi.
org/10.1070/PU1981v024 n12ABEH004757.

Mouritz, A.P., C. Townsend, and M.Z. Shah Khan, 2000,
“Non-Destructive Detection of Fatigue Damage in Thick
Composites by Pulse-Echo Ultrasonics,” Composites Sci-
ence and Technology, Vol. 60, No. 1, pp. 23-32, https://doi.
org/10.1016/S0266-3538(99)00094-9.

Moy, P., and F. E. Karasz, 1980, “Epoxy-Water Interactions,”
Polymer Engineering and Science, Vol. 20, No. 4, pp. 315—
319, https://doi.org/ 10.1002/pen.760200417.

Mustapha, S., L. Ye, X. Dong, and M.M. Alamdari, 2016,
“Evaluation of Barely Visible Indentation Damage (BVID) in
CF/EP Sandwich Composites using Guided Wave Signals,”
Mechanical Systems and Signal Processing, Vols. 7677, pp.
497-517, https://doi.org/10.1016/j.ymssp.2016.01.023.
Nogueira, P.,, C. Ramirez, A. Torres, M.J. Abad, J. Cano, J.
Lopez, 1. LopezBueno, and L. Barral, 2001, “Effect of Water

16.

17.

18.

19.

20.

21.

22.

Sorption on the Structure and Mechanical Properties of an
Epoxy Resin System,” Journal of Applied Polymer Science,
Vol. 80, Neo. 1, pp. 71-80, https://doi.org/10.1002/1097-
4628(20010404)80:1<71::AID-APP1077>3.0.CO;2-H.
Park, B., Y.-K. An, and H. Sohn, 2014, “Visualization
of Hidden Delamination and Debonding in Composites
through Noncontact Laser Ultrasonic Scanning,” Compos-
ites Science and Technology, Vol. 100, pp. 10—18, https://doi.
org/10.1016/j.compscitech.2014.05.029.

Park, J.-W., D.-J. Kim, K.-H. Im, S.-K. Park, D.K. Hsu, A.H.
Kite, S.-K. Kim, K.-S. Lee, and I.-Y. Yang, 2008, “Ultrasonic
Influence of Porosity Level on CFRP Composite Laminates
Using Rayleigh Probe Waves,” Acta Mechanica Solida Si-
nica, Vol. 21, No. 4, pp. 298-307, https://doi.org/ 10.1007/
s10338-008-0834-1.

Sun, P., Y. Zhao, Y. Luo, and L. Sun, 2011, “Effect of Tem-
perature and Cyclic Hygrothermal Aging on the Interlaminar
Shear Strength of Carbon Fiber/Bismaleimide (BMI) Com-
posite,” Materials and Design, Vol. 32, No. 8-9, pp. 4341—
4347, https://doi.org/10.1016/j.matdes.2011.04.007.

Wang, X., and X. Xu, 2001, “Thermoelastic Wave Induced
by Pulsed Laser Heating,” Applied Physics A, Vol. 73, pp.
107-114, https://doi.org/ 10.1007/s003390000593.

Xiao, G.Z., and M. E. R. Shanahan, 1998, “Irreversi-
ble Effects of Hygrothermal Aging on DGEBA/DDA
Epoxy Resin,” Journal of Applied Polymer Science,
Vol. 69, No. 2, pp. 363-369, https://doi.org/10.1002/
(SICI)1097-4628(19980711)69:2%3C363::AID-AP-
P18%3E3.0.CO;2-X.

Xiao, G.Z., M. Delamar, and M.E.R. Shanahan, 1997,
“Irreversible Interactions between Water and DGEBA/
DDA Epoxy Resin during Hygrothermal Aging,” Jour-
nal of Applied Polymer Science, Vol. 65, No. 3, pp. 449—
458,  https://doi.org/10.1002/(SICI)1097-4628(19970718)
65:3%3C449::AID-APP4%3E3.0.CO;2-H.

Zhou, J., and J.P. Lucas, 1999, “Hygrothermal Effects of
Epoxy Resin, Part I: The Nature of Water in Epoxy,” Poly-
mer, Vol. 40, No. 20, pp. 55055512, https://doi.org/10.1016/
S0032-3861(98)00790-3.

Permission to Reprint, 23.09.2021:

The American Society for Nondestructive Testing, Inc.
CITATION

Materials Evaluation 79 (1): 55-60
https://doi.org/10.32548/2021.me-04130

©2021 American Society for Nondestructive Testing

KaneHpgap mixxHapoaHux koHdepeHLUin Ta BUctaBok 2022

08.02 -11.02 iCT - 11" Conference on Industrial FHOO
Wels, Austria Computed Tomography 2022
Eif?l.ll(')t? C_}eerﬁ(a)lfly Fachtagung ZfP im Eisenbahnwesen DGZfP
05.04 — 07.04 XIV MixHapo/Ha crieriaiizoBaHa BiuctaB- | Mi>kKHapOJHUI BUCTaBKOBUIA
Kuis, Ykpaina ka «KHIBCHKMI TEXHIYHUH SIPMapOK)» LIEHTP
24.04 —27.04 Analysing Art 2022: New Technologies —
S BINDT
Florence, Italy New Applications
03.05 - 06.05
Stuttgart, Germany Control 2022 Schall Messen
11.05-12.05 Kondepenmis i BucraBka «HepyitHiBHUN L
Kuis, Ykpaina Kontpomns-2022» Acouianist «OKO»
30.05-01.06 VI Mixknaponna kongepenuist « Turan .
Kuis, Ykpaina 2022: BupoOHHUIITBO Ta 3aCTOCYBaHHS IE3 im. €.0. Tlatona HAHY, MAC
30.05-03.06 20" World Conference on Non-Destructive KSNT
Incheon, Korea — postponed Testing (WCNDT 2020)
04.07 - 07.07 10" European Workshop on Structural
Palermo, Italy Health Monitoring
10.07 — 15.07 26™ International Conference on Structural |iASMIRT, DGZ{P, TUV NORD,
Berlin, Germany Mechanics in Reactor Technology swissnuclear, TU Kaiserslautern

MoyaTok. MpoaoB}KeHHA ANBUCL Ha cTop. 57

46

ISSN 0235-3474. TexH. AiarHOCTUKA Ta HEPYWHIBHUIA KOHTponb, 2021, Ne4




