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Using Ti64 titanium alloy as an example, the article discusses the change in the thermo-
physical parameters of metals under the influence of a hardening method such as laser
shock peening the essence of which is the formation of residual compressive stresses in
the material under the influence of high-intensity laser radiation. The experiments are car-
ried out with plates made of Ti64 titanium alloy, which is one of the most common con-
struction materials in modern industry. One of the plates is a control specimen, and the
surface of the second one is subjected to laser processing. The thermophysical parameters
of specimens are determined using the infrared thermography method, the advantage of
which is the ability to simultaneously measure two coefficients, thermal diffusivity and
thermal conductivity of an explored material. The specimen is heated by the laser for some
time, which can be perceived as a point heat source on the surface of the plate. Simultane-
ously with the laser action, the surface temperature of the specimen is recorded by an in-
frared camera. The thermophysical coefficients are determined as optimization parameters
when matching experimental data with the analytical solution of the heat equation for a
geometry similar to the experimental setup.
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1. INTRODUCTION

Knowledge of the mechanical, strength and thermal prop-
erties of metallic materials is a prerequisite for the trouble-
free operation of structures and mechanisms under real
conditions. The urgent task of our time is to increase the
service life and hardening of metal parts and components
by various methods. The most common of these are sur-
face shot blasting, rolling, equal-channel angular pressing,
laser peening [1-5], etc. In addition to these traditional
methods of surface treatment methods, laser shock peen-
ing (LSP) has a number of advantages: the absence of
global thermal effects, ability to locally treat parts with
complex geometry [6-9], short processing time, lower sur-
face roughness [10], deeper residual stresses [11]. Moreo-
ver, LSP can precisely control the pulsed laser energy to
achieve desirable strengthening effects in specific regions,

particularly small fillets and notches that are inaccessible
to shot peening [12,13]. This makes the LSP economically
and practically competitive. The essence of the technology
is the formation of the residual stress (RS) field in the sur-
face layer of the material by laser shock impact. The spa-
tial configuration of the RS field, the magnitude of the
maximum compressive RS and the depth of the layer, in
which the compressive RS are formed play a significant
role in the nucleation of defects and the development of
material damage. The optimum LSP mode (i.e., the opti-
mum combination of tensile and compressive RS) allows
the strength and fatigue properties of the material to be
improved. The laser impact treatment produces a layer
with a modified microstructure [14], resulting in plastic
deformation. Plastic deformation induces distortion of
crystal lattice, producing a large number of different de-
fects. It leads to the changes in the physical properties such
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as thermal conductivity and specific heat capacity [15,16].
In Ref. [17] it has been shown that the thermal conductiv-
ity of copper bars is reduced under the influence of the
plastic deformation. In Ref. [18], using molecular dynam-
ics, it was found that the thermal conductivity of insulating
solids is reduced by the application of uniform pressure.
As is mentioned in Ref. [19], steady-state methods are
usually used to directly determine the thermal conductiv-
ity with a high accuracy. At the same time, accurate deter-
mination of the specific heat capacity is performed by cal-
orimetric techniques based on its definition. However,
these methods impose severe limitations on the specimen
geometry and require complex experimental setups due to
sensitivity to heat losses and temperature sensor uncertain-
ties [20,21]. In this sense, the flash method [22-25] is the
most optimal, having a sufficiently high precision and al-
lowing the identification of some thermal properties. It is
generally used to determine only the thermal diffusivity, but
if the parameters of the heat source are known, it also allows
the measurement of the volumetric heat capacity [19].

In this work, infrared thermography (IRT) is used to im-
plement a flash method and to define the thermodynamic
properties of the material after LSP. The aim of this work is
to determine the influence of laser-shock treatment on the
thermal properties and heat release of titanium alloy Ti64
during quasistatic tension of flat specimens using IRT.

2. EXPERIMENTAL PROCEDURE

Let us consider a point heat source on the surface of a ho-
mogeneous isotropic flat specimen of thickness /. The so-
lution of the thermal conductivity equation for a point lo-
cated on the side of the sample opposite to the source has
the form [19]:
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where ¢ is a heat flux capacity, o is the distance at which
the heat flux capacity is reduced by the factor of 1/e, o and
A are the coefficients of thermal diffusivity and thermal
conductivity, respectively, and I'(x) = ‘[OM t*e”'dt is the
upper incomplete gamma function. The parameters of the
heat source ¢, o or the thermophysical parameters o, A can
be determined simultaneously from one measurement.
The thermophysical properties of the specimens are
measured using a setup schematically shown in Figure 1.
A continuous laser with high power illuminates a flat spec-
imen 3 mm thick from one side for some time, playing the
role of a point heat source. Infrared shooting is carried out
on the other side of the specimen with a FLIR SC5000
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Fig. 1. Scheme of the experiment.

camera with a spatial resolution of 10~ m and a spectral
sensitivity of 25 mK. The camera is calibrated based on
standard calibration tables. The shooting frequency is 100
frames per second.

A typical view of a heated specimen at one of the mo-
ments of heating and typical temporal dependence of tem-
perature in the most heated point are shown in Figures 2a
and 2b, respectively. It can be noted that the shape of the
heated area is close to circular, which indicates a high uni-
formity of heating along the azimuth and indicates the
closeness of the laboratory setting to the mathematical
model of a point source on the plate surface.

The experiments use a plate made of non-rusting steel
(AISI 304 with well-known thermal conductivity and ther-
mal diffusivity A =16.2 W/m-'K and o =4.15-10" m?s,
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Fig. 2. (a) IR camera frame, typical view of a heated area.
(b) Typical view of the temperature data in the central point.
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Fig. 3. Temperature data for experiments with different materi-
als: 1 — AISI 304, 2 — Ti64, 3 — Ti64 processed.

respectively) and two specimens of Ti64 titanium alloy, one
of which is processed using the LSP method, and the second
one is not. The experiments with a steel specimen make it
possible to use known coefficients to calculate the parame-
ters of the heat source, which, in turn, are necessary to cal-
culate the thermophysical properties of titanium samples.
To determine the thermal diffusivity and the thermal
conductivity we solve the problem of best fitting the ex-
perimental results to the curve, which is the theoretical so-
lution (1). The optimization parameters are o and A.

3. RESULTS AND DISCUSSION

The temporal temperature growth with respect to the tem-
perature of the first frame for different samples is shown
in Figure 3. Experiments with each specimen are carried
out five times, the agreement of the experimental curves
obtained for one material indicates a good reproducibility
of the results. The instability of the temperature growth on
the graph does not exceed the point size. It can also be seen

that the temperature growth for the LSP processed Ti64
specimen is significantly more intense than that for the un-
processed one in all the experimental series. Let us recall
that experiments with a steel specimen are carried out to
identify the parameters g and o of the heat source.

Figure 4 shows the results of the optimization problem
solution for each material. In order not to clutter the
graphs, the fits are given for only one experiment in each
series. It can be seen that in the considered area the mis-
match of the theoretical and experimental curves is small
and qualitatively does not exceed 0.2 °C. The main error
in the measurement of the thermophysical properties ap-
pears as a result of a slight mismatch of the experimental
curves in one series.

The parameters of the heat source obtained in experi-
ments with AISI 304 are o=(3.8+0.3)x10” m and
q=0.31£0.01 W. Corresponding values of thermal con-
ductivity and diffusivity for the untreated specimen are
A=7.8+0.2 Wm'K and o= (7.2£0.6)x10° m%s. The
optimization for the LSP processed specimen shows a de-
crease in A=6.7202 W/m-K and an increase in
o =(7.9+0.5)x107° m¥s, although, taking into account
the error, the values of thermal diffusivity can be per-
ceived as coinciding.

It is important to note that the similar influence of plas-
tic deformation on the thermophysical properties of metal
had been earlier observed in Ref. [19], where the parame-
ters of AISI 304 at different levels of deformation were
measured with the same method.

4. CONCLUSION

The experimental research of the influence of the LSP
treatment on the thermophysical properties of metal was
carries out. The coefficients of thermal conductivity and
thermal diffusivity for Ti64 titanium alloy were measured
using the method based on infrared thermography with
following data processing.
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Fig. 4. Comparison of the experimental points (black, every two hundredth point is shown) with theoretical solution (red line):

(a) AISI 304, (b) Ti64, (c) Ti64 processed.
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It was found that the laser processing reduces the co-
efficient of thermal conductivity while the thermal diffu-
sivity increases, which coincides with the dependencies of
thermophysical properties on the value of elastic defor-
mations identified earlier.

The clarification of the physical mechanisms leading
to the changes in thermophysical parameters is the task of
future research.
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Biiusinue Jia3epHO# yAApHOU MPOKOBKH HA TEIJIO(PU3NYECKHE
napamMeTrpbl MeTAJLJIOB

P.P. Cabupos, A.1O. U3tomoBa, A.H. BummBkos, E.A. I'auerosa, U.A. [1anrtesniees, O.A. Iliiexos

MHCTUTYT MEXaHUKH CIUIONIHEIX cpell Y palbekoro otaeneHus Poccuiickoit akanemun Hayk (MMCC YpO PAH), Akanemuka Kopo-
neBa, 1, 614013, Ilepmb, Poccus

AnHoTamus. B craThe Ha mpuMepe TuTaHOBOTO crutaBa BT6 o6cyxnaercs n3MeHeHNe TeIUIo(QU3NIeCKUX MapaMeTpoB BEIIECTB O/
JIEWCTBHEM TaKOTO METO/a YIPOYHEHHUs OBEPXHOCTH, Kak Jla3epHast ynapHas mpokoska (JIVII), cyrs koToporo 3akmoudaercs B pop-
MHUPOBAHUM HA IIOBEPXHOCTU MaTepuala OCTATOYHBIX CKUMAIOIIUX HAIPSKEHUH 10]] BIUSHUEM JIA3€PHOTO U3JIyYCHUS BBICOKOH MH-
TEHCUBHOCTH. DKCIIEPUMEHTHI IIPOBOATCS C IIACTHHAMH M3 TUTAHOBOTO ciutaBa BT6, KOTOpEIi sBIsieTCs OMHUM U3 Hanbojee pac-
MIPOCTPAHEHHBIX KOMITO3HMIIHOHHBIX MaTepHajoB B COBPEMEHHOH HpOMBIIUIEHHOCTH. OfHa W3 IUIACTHH MpEJACTaBIsieT co0oi
KOHTPOJIBHBIH 00pasel], a HOBEpXHOCTh BTOPOH IOJBEprHYTa J1a3epHoii o0paboTke. Temmodusnaeckue mapameTpsl 00pasIoB ompese-
JISIFOTCSI € TIOMOIIBI0 MeTozia nHppakpacHoi Tepmorpaduu (MKT), mpenMyIecTBo KOTOPOTO 3aKII0YaeTcss B BO3MOKHOCTH OJTHOBpE-
MEHHOTO U3MEpEeHHs IBYX K03((HUIUEHTOB, HAIPHMeEp, TEMIIEPATypOIPOBOIHOCTH U TEIUIONPOBOTHOCTH. [loBepXHOCTH 00pasna
HarpeBaeTcs J1a3epoM B TEUCHUE HEKOTOPOrO BPEMEHHU, YTO MOXKHO BOCIPUHUMATD, KAK TOUEYHBIH UCTOYHMK TEILIA Ha IOBEPXHOCTU
ractiHEL. OTHOBPEMEHHO ¢ AeiiCTBHEM Ja3epa TeMIlepaTypa HOBEpXHOCTH oOpasia (puKcupyeTcst HHppakpacHoit kamepoii. Temo-
¢dm3ugeckre K0d(QHUITMEHTH! ONPEASIISIOTCS KaK ITapaMeTphl ONTHMH3AIMY P COTJIACOBAHUU AKCIEPHMEHTAIBHBIX JAHHBIX C aHa-
JIMTUYECKUM PELICHUEM ypaBHEHUs TEILIONPOBOJHOCTY JUIsl T€OMETPUH aHAJOIMYHOM NOCTAHOBKE HKCIIEPUMEHTA.
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