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Abstract

Methods for the active infrared thermography require thermal excitation of tested object. The most popular is the
use of optical heat sources: various types of heating lamps, lasers. The heat generated by laser heats the test surface
with asymmetrical distribution beam [1]. In the structure of the material in which there are no defects, the heat flow from
the heated surface should be also symmetrical. Disturbances in this flow symmetry testify to inhomogeneities (defects) in
the internal structure of the tested material. For non-destructive testing of metal elements with micro-cracks, infrared
thermography with laser thermal stimulation was used and both computer numerical simulations (using the ThermoCalc
program) and experimental testing were carried out. In the experimental tests, a semiconductor laser with a wavelength
of 808 nm and maximum power of 32 W was used for thermal stimulation. Changes of temperature field on the surface of
the test sample were recorded with a thermal camera, FLIR 7600 SC. Pulse phase thermography method was used and
selected results, together with their analysis, are presented in this paper.

1. Introduction

Each inhomogeneity of a structure causes changes in mechanical properties, but also affects other parameters,
e.g. thermal conductivity. This results in a change in the distribution of the temperature field on the surface of the test
material in order to detect a defect by using the thermal camera. Possibilities of infrared thermography for detecting
microcracks in the metal element are shown in the example of microcracks on the surface of the valve head in the
internal combustion engine. The operating conditions in which the combustion engine valve operates are severe due to
mechanical and thermal loads. The valve head is loaded with static and dynamic forces.

During use, the valves in an internal combustion engine are subject to wear and damage which impairs the
quality of their functioning. Valves are functional units necessary for the implementation of engine operating processes;
the quality of the device's functioning depends on the quality of valve operation. Maintaining and increasing the quality of
valve operation is reduced to detecting or identifying damage to valve components and eliminating these damages by
repairing or replacing damaged components. In practice, identification of valve damage is difficult due to the lack of
appropriate identification methodology. This lack results mainly from the large variety of valve construction solutions and
the various areas of applications and loads. Figure 1 shows the forces acting on a valve during engine operation [2].
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Fig. 1: The forces acting on the valve components: Fzew — external force acting on movable elements, Fspr —
restoring force of a spring, Fr — friction force between the valve stem and guide, Fs — inertial force of moving elements,
Fn — hydrodynamic force in the gap, Fst — force of the stream of liquid, Fe — earth pull, smax— valve lift; 1 — stem, 2 —
guide, 3 — spring, 4 — valve head, 5 — plate — valve seat gap, 6 — valve seat, 7 — valve housing [2]
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During valve operation, the following forces operate on the closing element:
e the force of jet working fluid (Fst) - can be calculated by numerical methods from the flow equation;
e the inertial force of the movable element Fg [3]:

E = I:i'np N .'.r-!_-{ll,.'3:| (—ay) (1)

where:

mv - mass of the movable valve element;

ms - spring mass (takes into account 1/3 of the spring weight here);
av - acceleration of the closing element / movable valve.

e the elasticity force of the spring Fspr is proportional to the lift of the closing element of the hy valve:

Espr = P.'sprﬂl + Cspr'hlf 2
where:

Fspro - tension bearing of the spring (force with which the movable element is pressed against the valve seat);
Cspr - Spring constant.

o the force of gravity of the movable element Fc [3] is approximately constant because the density of the
surrounding fluid changes slightly (very little);
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e the friction force of the guide elements Fr;

e the external force which forces the movement of the valve Fzew.

Fp = I:m,; + m_g_wjlg 3)

The resultant forces acting on the movable element of the valve determine the movement of the closing
element. Microcracks are the initial phase of damage, the next stage may be breaking of the head and subsequent
damaging of the engine. Valve damage is the result of a collective of loads acting during use on the valve components.

Damage to the valve elements causes a change in the course and values of forces acting on the valve
elements, changes in the mechanical properties of the material of the elements, and a leak in the valve.

A thermography method with laser thermal stimulation was used for non-destructive testing to detect
microcracks.

2. Numerical modeling

In order to determine the possibility of detecting microcracks using thermography with laser stimulation, a model
with dimensions 30x30x3 mm was made from steel in which there were microcracks with a length of 10 mm, width 0.05
mm, and depth 2 mm (Fig. 2). This model was tested using ThermoCalc-6L™ software [4]. ThermoCalc™ - 6L offers the
solution to a 3D Cartesian-coordinate transient heat conduction problem for a parallelepiped-shaped body that may
contain up parallelepiped-shaped defects. The body is heated or cooled down on the front surface with an external ‘heat’
pulse. The front-surface heat flux is assumed to be uniform or Gaussian-distributed in space. The heat flux center can be
located at any point on a front surface. Along with the external thermal stimulation on the front surface, both the front and
rear surface are cooled down according to Newton’s law.
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Fig. 2: Model of testing sample: 1 — sample, 2 — microcrack, 3 — heating area.

The thermal parameters of steel and the air filling the microcracks are given in Table 1. During the modeling of
thermal processes occurring on the surface of the sample model, the surface was heated by a pulsed heat stream with a
density of 1.2 kW / m2. The stream was stimulated by heating with a 5 mm diameter laser beam. The center of the
stream was directed to the microcracks. Table 2 presents the selected results of the temperature difference on the
surface between the micro-cracking and the outside during the heating and cooling phase of the sample.
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Table 1. Thermal properties of materials used in model

Material Density, Specific Heat, Conductivity,
kg/m?3 JI(kg-K) W/(m-K)
Air (thin gaps) 1.2 1005 0.07

Steel 8240 468 13.4

Table 2. Selected results of numerical calculations

Time, s 0.26 3.12 5.0
AT, °C 0.91 0.1 -0.82

3. Experimental set-up

In Figure 3., a photograph of an internal combustion engine valve is shown. A test was also performed using a
microscope with a magnification of 40x image microcracks. This is shown in Figure 4, on which the microcracks are
clearly visible perpendicular to the surface of the valve head from the side of its working surface. Micro-cracking is also
visible on the side of the valve head, as shown in Figure 5.

Fig. 3: Photograph of the valve

Fig. 4: Photograph of a valve head with visible microcracking - magnification 40x
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Fig. 5: Photo taken at the side of the valve head with visible microcracking - magnification 40x

Fig. 6 presents the measurement stand. Due to laser radiation, the measurement was made in a sealed
chamber.

Fig. 6: Set up: 1- thermal camera, 2 — laser, 3 - valve.

In the experimental tests, a semiconductor laser with a wavelength of 808 nm and a maximum power of 32 W
was used for thermal stimulation. Changes of temperature field on the surface of the test sample were recorded with a
thermal camera, FLIR 7600 SC, with a microscopic lens. The surface of the tested valve taken from a car engine was
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pulsed with a laser for 2 seconds, the diameter of the laser beam incident on the tested surface was 5 mm. The time of
recording of the changes in the temperature field caused by heating with a laser beam was 5 seconds.

4, Results

Fig.7 shows a source thermogram made perpendicular to the working surface of the valve head with visible
microcrack, the shape and dimensions of which confirm the photograph taken under the microscope with clearly visible
microcracking. The microcrack on the side of the valve head is shown in the thermogram in Fig.8. It is also clearly visible.

e

Fig. 7: The best source thermogram of a valve head microcrack made perpendicular to its working surface

Fig. 8: The best source thermogram of a microcrack made on the side of the valve head

Fig. 9 shows the profiles of temperature changes over selected characteristic times, such as the results of
numerical calculations presented in Table 1, on the surface of the valve head. As the experimental course of changes
shows, the temperature differences over the microcracks (46 pixel in the graphs) coincide with the results of numerical
calculations.

Figures 10 and 11 present the results obtained as a result of the analysis of phase and amplitude changes
recorded during the test. The phase image of the microcrack is better visible than on the best source thermogram. Also
visible when comparing figures 7 and 9. The amplitude image does not improve the microcracks image; however, there
are visible irregularities on the surface of the valve head (Fig.11), which can also be seen in the microscope image (Fig.
4).
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Fig. 11: Amplitude image of microcrack

5. Summery

Experimental tests have shown that the method used is effective in detecting microcracks in metal elements.
The use of a microscopic lens in a thermal camera allows both the detection of microcracks as well as precise
identification of changes occurring on the surface under experimental test conditions.
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In further work, we intend to conduct tests to detect micro-defects in other materials using laser heating and a

microscope lens for a thermal camera.
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