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Specific features of photothermoacoustic (PTA) transformation process in materials
under stress have been studied in experiment and theoretically. Pulse and harmonic
modulation regimen of laser emission have been considered. Basing on the results so
obtained, a circuit design has been proposed for the stressed area PTA diagnostics in

structural materials.

IKCIIEPUMEHTAJIBHO W TEOPEeTHUUYECKM WCCJeIOBaHbl OCOGEHHOCTHM Ipollecca (oToTepmo-
aryctuueckoro (PTA) mpeobpaszoBaHUs B HANPSKEHHBIX MaTepuajaxXx. PacCMOTpPeHBI UM-
MyJAbCHBIH W TapMOHWYECKWH PEXKMMBI MOAYJISINU JIa3epHOTo uaaydeHusa. Ha ocHoBaHUU
TMOJTYYEeHHBIX Pe3yJbTAaTOB MIpeioKeHa GyHKIMoHanbHasd cxemMa ®TA AmarHOCTMKYM HaAMpP-
JKeHHBIX 00J1acTeil B KOHCTPYKIIMOHHBIX MaTepuajiax.

Visualization of elastic stress field distri-
bution is among topical problems in the ma-
terials science. This is associated with that
novel functional materials or compositions
thereof are to be used in modern technolo -
gies. High stress levels can arise in those
materials due to preparation and treatment
processes as well as due to extreme operat-
ing conditions of devices made of the mate -
rials. The maximum danger is connected
with the stress levels at which the material
or workpiece as a whole is quite functional
but in the case of insignificant variations or
changes in external parameters (tempera-
ture, pressure, irradiation, etc.), irre-
versible processes arise there resulting in
the material degradation and, what is more,
in a catastrophic situation. Therefore, the
control problem of stressed state and its
temporal variations is critical in ensuring
of the structural material working reliabil -
ity. The known optical, X-ray, nuclear, and
other methods for material diagnostics are
rather cumbersome and mostly unsuitable
for use in actual operation conditions.

Recently, photothermoacoustic (PTA)
methods come into use for study and con-
trol of various materials. The essence of
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those methods consists in that temperature
waves are generated in the specimen result -
ing from absorption of a non-stationary ir-
radiation followed by formation of acoustic
vibrations in the specimen or its environ-
ment due to thermal and elastic contacts.
Today, PTA spectroscopy and PTA micros-
copy based on the PTA effect are under
rapid development as powerful methods for
investigation and non-destructive testing of
solids [1-5].

An important criterion of practical suit-
ability of those methods is the effective re-
cording of the PTA response. From that
standpoint, the following recording methods
are among most promising ones:

(1) PTA method with piezoelectric signal
recording, being the most sensitive and at-
tractive one due to fast response, wide fre-
quency band, absence of various limitations
applied on the specimens at other recording
methods.

(2) The thermal lens method making use
of so-called "mirage effect” when a heated
layer with optical properties differing from
those of the environment arises in air or in
a liquid above the surface probing point due
to action of a high-power probing laser
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pulse. In this case, the medium heating by
the laser radiation results in a spatial de-
flection of the probing beam of another
laser ("mirage effect”). The threshold sensi-
tivity of the method is limited mainly by
the power fluctuations of the laser radia-
tion. At the fluctuation level not exceeding
0.5 to 1 %, the sensitivity threshold of
temperature variation recording is about
1074 to 1076 °C.

(3) The pulse infrared radiometry method
is a contactless method to record thermal
radiation of a heated surface. The informa -
tive response is recorded using a fast-acting
IR pyrometer. The latter makes it possible
to establish in contactless manner spatial
and temporal dependences of temperature in
the area under probing and their correlation
with the stress level therein.

At first glance, the advantages of the
two latter methods, that is, the contactless
excitation and receiving of the response,
provide that those are unattainable for sim -
pler methods where the contactless excita-
tion in optical or IR range is combined with
contact reception of PTA response data
using sensors of acoustic waves fixed to
surface of the object being investigated
(piezoelectric signal recording). A more de-
tailed consideration makes it clear, how-
ever, that the thermal lens method requires,
first, higher-power excitation sources (la-
sers) and, second, precision optical systems
to observe the mirage effect and record
quantitatively the changes thereof. More-
over, it is to note that the sensitivity in the
refraction methods is limited by fluctua-
tions of the probing beam of the second
laser as well as by its angular shifts due to
vibrations. Therefore, that method requires
an expensive apparatus and keeping of
rather strict measurement conditions (ab-
sence of vibrations). That is why the appli-
cation area of that method is restricted by
laboratory investigations and unique scien-
tific experiments. The pulse pyrometry
method is less exigent to external condi-
tions, so it could become the main method
of the informative signal recording in the
future. A progress in this field is associ-
ated, however, with development of com-
mercially available compact portable pulse
IR pyrometers that could sense a tempera-
ture difference at the level of 0.1°C and its
change rate of 0.001 deg/s or less.

In spite of numerous works aimed at in-
vestigation of PTA effect and development
of various diagnostic systems based on the
results obtained, the effect has not been
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used in essence to elaborate methodological
base in diagnostics of stressed state areas in
materials and constructions made thereof.
In this work, the PTA effect has been stud-
ied in experiment (piezoelectric recording of
the PTA signal) and theoretically in
stressed areas of model specimens (bar sys-
tems) for pulse and harmonic modulation
regimes of laser radiation. The purpose of
the work is to elucidate the application pos-
sibility of PTA diagnostics to control the
potentially dangerous areas (from the
standpoint of critical stress levels therein)
in some materials (Si3N,) and bar elements
of industrial metal structures.

Pulse modulation of laser radiation. In
contrast to traditional methods [2], we have
considered the PTA excitation of elastic
waves after the heat pulse action is over,
that is, the temperature variation process
occurs both in time and in space. It is just
this variation process that generates the
elastic pulse which is recorded in the ex-
periment. The PTA response in the stressed
area was calculated by solving the modified
equation of thermoelastic medium motion
under constant stresses. To that end, the
temperature distribution in the medium
under its irradiation by short light pulses
was found. According to experimental con-
ditions, the light was believed to be ab-
sorbed in a rather thin layer of the sub-
stance, that is, the heat flow was applied to
the specimen through its surface. The light
spot size being small, the temperature con-
ductivity in transversal direction was ne-
glected, that is, the case of planar tempera-
ture field in the direction coincident with
the laser beam propagation one was consid -
ered.

Basing on the study results, we have pro-
posed a model of PTA effect formation
mechanism in a stressed medium after the
action of short laser pulses is over as well
as a low-frequency recording model [5].
Those models made it possible to obtain ex -
pressions for shifts (u,) at various boundary
conditions (damped and free surface) be-
yond the bounds of the PTA excitation.

(a) The damped surface (index "d") case:
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(b) The free surface (index "f") case:
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where C33*, yy 3" are the effective elastic
and thermoelastic constants, respectively;
By, the temperature of the hy thick material
area; f(t), a certain known time function
that is slow as compared to the heat pulse
front increase rate; V, thermoelastic wave
propagation speed; [1, transformation coef-
ficient of transversal stresses into exciting
forces along the Z axis.

Denoting the PTA response in the ab-
sence of stationary stresses as P, and ther-
moelastic shifts in the same area as ug, and
taking into account that the PTA response
(P) is in proportion to thermoelastic shifts
(P = Al where A is the instrument function of
the whole system), we obtain for the relative
change of the PTA response AP/Py= Au/u
and at end,
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That is, the relative change of the PTA
response in the stressed area of a medium is
defined by linear and nonlinear elastic (C)
and thermoelastic (y) constants of the sub-
stance and depends linearly on the stationary
stress magnitude. This fact is of importance
in the practical use of the PTA procedure.

Harmonic modulation of laser radiation.
Forced vibration of restricted solid bodies
are known to be studied traditionally from
two standpoints. On the one hand, the prop-
erties of vibrations themselves (e.g., elastic
shifts) are considered. The dependences
thereof on the frequency within the whole
exciting frequency range as well as on the
excitation point coordinates and the obser-
vation point ones are analyzed. The solu-
tions of those tasks are cumbersome enough
and can be obtained using numerical meth -
ods that are inconvenient in practice. On
the other hand, the cases are considered
where those shifts can be described analyti -
cally. Two cases, namely, a straight bar and
a bent one (stressed medium) have been
studied.

Solving the motion equation by eigen-
function method under account for action
of a point thermoelastic force (transversal
geometry), the following expressions have
been derived for elastic shifts at the butt
surface of a bar (observation point) in the
case of longitudinal bar vibrations near the
bar natural frequencies:
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a) for symmetric vibrations

us. [ =L§ Ek:osgﬁx % (4)
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b) for antisymmetric vibrations
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where L%, L% are coordinate-independent
constant factors; w,5%, natural symmetric
and antisymmetric circular frequencies of
the bar vibrations, respectively; V, the
propagation speed of longitudinal waves in
the bar.

Similarly, the case of forced torsional vi-
brations in the bar have been studied. Tak -
ing into account the eigenfunctions near the
resonance frequencies, the following expres -
sions have been derived for the bar shifts
(rotation angle of an elementary volume
$p,>% at the bar butt surface:

a) for symmetric torsional vibrations of a bar

Ly O (6)
ObnH o MtyOCOS%_xOD
b) for antisymmetric torsional vibrations of
a bar

¢& O =M%y sin%ﬁx EJ ()
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where M$,, M9, are coordinate-independent
constant factors; xg, yg, the laser beam in-
cidence point coordinates.

Using the relationships obtained, values
of the PTA response were calculated for
longitudinal and torsional vibrations of a
bar under single passing of the laser beam
along the bar transversal axis. A good
agreement is observed between calculated
and experimental PTA response values as
functions of the laser beam action coordi-
nate. It is just the case of torsional vibra-
tion excitation and recording that has been
established to provide the simplest and evi-
dent analysis of the results, in particular,
when studying the effect of the material
stressed state on the excitation character of
those vibrations.

To illustrate the PTA method potentiali-
ties in visualization and monitoring of the
stress field spatial distribution in surface
layers of various materials, let the study
results be presented for specimens of silicon
nitride (SizN4) structural ceramics. The
SisN, based structural materials are used
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Fig. 1. PTA image of a Vickers pyramid
indentation.

widely in heat-resistant structures, in par-
ticular, in engine building, as well as to
manufacture pieces and assemblies operated
in aggressive media under high mechanical
loading. Unfortunately, technical difficul-
ties hinder the industrial production of ce-
ramics exhibiting high and stable perform -
ance level within a wide temperature range.
It is of importance to note that inhomo-
geneities and defects arising during the
manufacturing of such materials result in
local stress fields which, being in interac-
tion under external loading, may cause for-
mation of areas with critical stress levels.
In this connection, in progress are investi-
gation and technology development for
manufacturing of the ceramic material it-
self as well as search for nondestructive
methods to control its properties, in par-
ticular, of internal stresses [6].

A computerized PTA microscope with
harmonic modulation of the Ar laser emis-
sion intensity was used in our experiments.
The measurements were done at 80 kHz,
thus providing thermowave visualization in
a ceramic material in a depth of about 5 to
10 pm. Hot-sintered ceramic specimens
were studied with surface marks applied
using the Vickers pyramidal indenter. The
indentation diagonal size was 10 to 15 pm.
One of such indentations is shown in Fig. 1
as an example. The linear dimensions of the
area where the PTA response is changed
(about 450 pm) are seen to exceed consider-
ably the visible size of the indentation itself
(about 15 pm). This is due to that elastic
stresses caused by plastic strain within the
indenter action zone are extended over a
considerable distance from the indention
point. An attention is to be given to the
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Fig. 2. Circuit design for the PTA diagnos-
tics of stressed areas in structural materials.

anisotropic character of the PTA signal
change. Perhaps this is connected with in-
homogeneity of the specimen physico-me-
chanical characteristics.

Considering the whole set of the data
obtained, it has been established that the
results of experimental and theoretical
studies aimed at elucidation of the PTA re-
sponse formation mechanism in a medium
under stress (the pulse modulation of the
laser emission being used) can be considered
as a methodological base to develop a circuit
design for PTA diagnostics (with piezoelec-
tric recording) of stressed state in materials
and structures.

Such a circuit includes (i) a contactless
optical pulse excitation channel; (ii) a PTA
response recording circuit using a set of
non-expensive stationary sensors fixed per -
manently on the structure under control;
and (iii) a portable apparatus providing a
contactless interrogation of the sensors and
recording the PTA responses received
thereby synchronously with the contactless
optical excitation using a PC.

Fig. 2 shows a schematic diagram of such
a circuit. The "smart” sensor is a piezoelec -
tric plate being in a reliable acoustic con-
tact with the structure and converting the
acoustic PTA response signal into the elec-
tric one. The latter is amplified and trans-
mitted to the portable apparatus within the
time interval between the synchronizing
pulses. The signal transmission from the
sensor to the receiver occurs in various fre -
quency ranges, but, in our opinion, it is
just the VHF-FM ranges (sensors out of the
direct vision zone) or an optical channel
connecting the sensor light diode and the
receiving photodiode (when there is a free
path for the informative light beam). The
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power supply for the sensor could be pro-
vided either by built-in photo-cell with ac-
cumulating element (high-capacity con-
denser) or (when there is a short distance
between the sensor and receiver) using the
interrogating pulse energy. In the latter
case, a stationary power supply for the sen-
sor is unnecessary.

The photo-cells could convert into elec-
tric current either the daylight or those
could be charged by an optical pumping
source (e.g., a low-power laser) that is an
obligatory member of the portable appara-
tus as a pointing system element (laser
sight). A similar compromise between fully
contactless data transmitting systems from
various sensors and contact ones was pro-
posed by Russian specialists at the "Com-
plex Communication Systems” company
when developing the Page Up complex using
two-way pager communication to receive and
transmit the telemetric data from sensors of
a city engineering infrastructure [7].

Thus, the studies make it possible to con -
ceive the nature of physical processes occur -
ring under absorption of modulated electro-
magnetic radiation in a stressed material

medium and suggest that the proposed cir-
cuit design is optimal and sufficient to use
thereof as a base for the PTA diagnostics of
materials and potentially dangerous areas
of various industrial structures from the
standpoint of critical stress levels therein.
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doToTepMoOaKyCTHUYHHIT e(eKT: MPUKJIATHI aCIHeKTH
OiarHOCTHMKH 00JIacTeil HANIPY;KeHOTr0 CTaHY
B KOHCTPYKIIMMHUX MaTepiajgax

O.M.Anexcees, P.M.Byp6eno, M.K.;Kabimenko, A.I''Kysvmuu

IIpoBeneHO eKcliepUMEHTAJIbHI Ta TEOPEeTUUYHI AOCIiMKeHHA 0COOJUBOCTEl mpoilecy (oTo-
TepmoakycTuuHOro (PTA) mepeTBOpPEeHHS y HANPYKEHOMY CEPENOBHUINI y BUIALKY iMIIyJbC-
HOTO Ta TApPMOHIYHOTO PEXUMiB MOAYJIAIii JasepHOro BumpoMiHIOBaHHA. Ha ocHOBiI oTpuma-
HUX pPes3yJIbTATiB 3aIpomoHOBaHO (pyHKIioHanbHYy cxemy @PTA miarmocTuku objaacteil Hampy-

JKEHOT'0 CTaHy B KOHCTPYKIIIMHMX Marepiaiax.
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