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Abstract: This paper presents the results of an infrared thermography (IRT) application for monitoring temperature
distribution on a ceramic surface during Nd: YAG laser irradiation. The laser operated in the Q-switch mode with A=
1064 nm. The duration of a pulse was © = 8 ns. The repetition rate was f = 1-20 Hz. FLIR, E40 and SC7200 IR cameras
were used. Recording of the maximum temperature in the irradiated zones is very important information related
to the damage threshold of materials. The tested sample is a piece of a ceramic tile. A large number of factors affect
determination of the maximum temperature in the very fast processes as it is irradiation with laser pulse duration of 8
ns. One of them is the camera integration time. The experimental results have shown that IR cameras, even those
with high performance such as SC7200, cannot record the maximum temperature value at the moment of laser
operation, but only the average temperature of the bulk sample material after laser pulses. The microstructure
and micromorphology of the ceramic surface after the laser treatment were analyzed by optical and scanning

electron microscopy.
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1. INTRODUCTION

A ceramic is an inorganic material with excellent
chemical and thermal stability, high hardness, and good
electric and thermal insulation. Ceramics have many
applications in different areas of industry: electronics,
structural engineering, medicine, aerospace, military
equipment, automotive industry and space program [1].
The difficulty on the processing of the ceramics is mainly
due to the high hardness and brittleness. A lot of methods
are used in ceramics processing; chemical, machining,
water jet, plasma, laser and microwave [1-3].

Nd:YAG lasers with nano - second pulses are widely used
in ceramics surface processing, cleaning, drilling and
cutting. Laser interaction with materials is a very complex
process [2-7] with many insufficiently known
phenomena.

The laser beam can interact with a solid surface producing
various effects, depending on the laser and material
parameters [2,3]. The parameters that affect the
interaction are: energy density of the laser beam, pulse

length, wavelength and the energy distribution within the
beam, t incident angle, material reflection and absorption
coefficients, chemical and physical properties of the
surface, its topology at the micro and nano-scales,
homogeneity, surface temperature, thermal diffusion,
melting and boiling coefficients.

Control of laser parameters during laser beam irradiation
on the sample surface and detailed examination of the
result of the laser-material interaction is crucial for
successful laser implementation [3,7].

Laser material processing is applied for laser machining
processes: cutting, drilling, marking and engraving, laser
surface treating (hardening, glazing, alloying, cladding),
laser shock processing or laser shock peening, other
laser material processing applications.

Laser materials processing techniques are essentially
thermal processes, where absorption of a large number of
photons heats the material and performs surface
modification, locally melting and re melting of the
substrate. Therefore, it is especially important to
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accurately monitor the temperature rise during a very
short laser pulse and the spread of heat in the material.

The time, during the laser pulse, is very short for
significant heat conduction through the substrate. The
rapid increase of thermal energy is only in the optical
absorption depth, where the melting and vaporization of
the material can occur.

The control of the real-time temperature distribution during
laser processing can be carried out using an infrared camera.
Infrared thermography (IRT) is a non-contact testing
method, which has an increasing application in scientific
laboratories, industry, construction, medicine. It can be most
simply defined as a technique that registers IR radiation,
characteristic of any object, whose temperature is above
absolute zero [8-11]. With this technique, the thermal
radiation of the object is visualized and displayed in the form
of a thermogram. The parts of the ceramic surface under
investigation are heated up by laser and the transient heat
flux is observed by recording the temperature change at the
surface as a function of time. The thermogram gives a clear
thermal picture of the object. The generated image is in gray
scale, but could be presented as pseudo color. Using the tools
built into the thermogram processing software, the
temperature at the selected points can be quantified from the
image, or the temperature change over time can be
monitored.

Thermograms, in these experiments were recorded as
individual sequences (single shot mode) and continuous
records, in order to monitor the change in temperature
over time. Thermograms were extracted and analyzed
from the continuous record with aim to obtain the
threshold temperature, that is, the laser energy that leads
to the expected changes.

When using thermography to measure the temperature of
the laser irradiated zone, it is necessary to keep in mind
that, there are a lot of variables, which make quantitative
evaluations difficult and sometimes impossible, e.g. high
speed of the tested processes, non-homogeneity of laser
irradiation, changes of the target emissivity after ablation,
extremely both high amplitude and short time of the
ablation, changes of path transmission between target and
camera and the radiation features during the ablation,
variability of thermal losses (convection, radiation).

Initial tests, on first sight, yielded contradictory results
[12,13]. OM and SEM showed that there are changes such
as melting of the base material, and thermograms that the
achieved temperature is lower in relation to the melting
temperature of ceramics. Tests were conducted to show
what the measured temperature depends on and how are
the influences of the IR camera setting parameters during
recording.

This paper presents the results of the influence of the IR
camera integration time on the accuracy of the maximum
temperature measurement.

2. EXPERIMENT

All experiments were performed in atmospheric
conditions, using TEMy, mode Nd: YAG laser operated in

the Q-switch mode with A=1064 nm, pulse duration T = 8
ns, repetition rate fj = 20 Hz. The maximum energy of the
laser beam with Gaussian distribution, for A = 1064 nm,
was E=510 mJ, the fluence = 4 J/cm’ on sample surface.
The laser beam was focused by a lens with 150 mm focal
length. The tested sample was positioned in front of the
lens focus. The sample was exposed approximately 3s in
every zone.

Two FLIR IR cameras [10], E40 and SC7200, were used
for monitoring and recording the surface temperature
during the laser treatments. The cameras were in the off-
axial thermography setup (Fig.1a). The E40 IC camera
has a 160 x 120 pixels, 30 Hz infrared detector with
0.07°C thermal sensitivity and a 20 to 650°C temperature
range. The accuracy is +2%, or 2°C, the spectral range is
7.5-13 pum. Camera can record 30frames/s. The
integration time It is 16ms [13]. The SC7200 IR camera
has a variable image size from 64x8 to 320x256 pixels, a
spectral range of 1.5-5.1um and the frame rate up to 11
KHz. The integration time can be changed between 1ps
and 20ms. The temperature range is -20 to 3000 °C, the
pixel pitch is 32 um, and thermal sensitivity is 0.02 °C.

A piece of a ceramic tile with the some zones of
interaction, after the laser irradiation, on unglazed side is
presented in Figs. 1b.

Figure 1. a- experimental set up and b-ceramics surface
with tree laser treated zones

The ceramic surface structure and morphology of the laser
treated zones were studied by an optical (OM) and a
scanning electron microscope (SEM).

3. RESULTS AND DISCUTION

The advantages of the laser processing of ceramics are:
precise spatial and temporal control, immediate change of
laser parameters, and material selectivity [3,5,7,14].
However, very often, the thermal nature of the interaction
causes unwanted side effects such as: chemical
decomposition, thermal stresses, micro-cracking, melting
and rapid re-solidification of the amorphous material. A
special attention has been therefore paid to control the
operation parameters that enable a safe application of
laser procedures on ceramics. Many studies confirm that
Nd: YAG lasers with wavelength A = 1.06 nm and ns
pulses duration are highly effective in ceramic processing
[5-7,15-17].

The analysis of the laser irradiation effects on ceramics
sample shows that, in most cases, irreversible microscopic
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and macroscopic changes have occurred when the applied
fluence was close or above to the damage threshold for
the ceramic (Figure 2). The dimensions of the heat
affected zone vary depending on laser and material
properties [7,14]. The duration of the entire ablation
processes is within the nanosecond scale. The OM images
show that the energy distribution into laser beam is non-
uniform. The most pronounced traces of melting and
hardening of the material are found in zone 1, which is the
longest exposed. The OM images were recorded by 40
and 100x magnifications, the SEM ones by 150 and 500x.

Experimental data related with temperature monitoring
are presented in Table 1.

IC camera E40 has fixed integration time I; and repletion
rate 30 frame/s. Camera SC7200 recorded with different
I;. The camera has the possibility of protection against
excessive radiation intensity and in these situations it

displays the level of saturated signal, i.e. the Ty, which
can be obtained within the defined temperature window.
The choice of frame frequencies depends on the size of
the field of view, while the integration time depends on
the selected frequency, temperature measuring range and
temperature windows.

Table 1. Experimental data for temperature monitoring

E40 SC7200

t, It, ATmeasur Tmaxz It, Tran eoC ATmeasur Tmaxa

Zone s | ms °C °C | ps canﬁere °C | °C

1 (3.0]20 19.75- [117.|20 | 117- | 140- |250
117.6 6 239 250

2 (29]20| 20.25- [102.| 60 |66-161| 145- |181
102.0 0 181

3 12.8(20| 20.40- |85.0{160(27-110|25-125|125

84.8

SEM

Figure 2 OM i SEM images of zones 1,2 and 3

Figure 3 presents the results of temperature monitoring in
zone 1. The main ResearchIR window with some main
regions (IR camera E40), the sample thermogram, and the
cursor as a measuring tool, the statistics and the temporal
plot for a point with the maximum temperature value are
shown in Figure 3a. The temperature bar is on the right
side, while the camera setting parameters are on the left. The
distribution of temperature in heat affected zone is shown in
Figure 3b. Figures 3c, 3d and 3e show temperature changes
recorded by SC7200 camera for the same zone.

The thermogram for frame number 1280 recorded by
SC7200 camera is presented in Figure 3c. Figure 3d
shows temperature changes recorded by SC7200 camera
during 5s with 1 KHz sampling rate, while maximum

temperature peak is presented on Figure 3e. The
temperature range of SC7200 camera is automatically
determined and amounts to 117-239 °C. Therefore, only a
time diagram of the temperature change in that interval
was recorded. In Fig. 3d, it can be seen that the cooling
coefficient of the material is such that the surface of the
sample does not cool at the initial temperature before the
next laser pulse. So there is a successive rise in
temperature on the irradiated surface, but frequency of
laser pulses was low enough to protect surface against
dangerous high or long-time overheating.

Figures 4 and 5 give thermographic results for zones 2 and
3. The duration of laser irradiation in zone 3 is less than 3 s
and the obtained diagram shows the state of the temperature
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before the start of irradiation, during the laser treatment and
the cooling period of the sample after laser action.

Figure 6 was taken with a shorter integration time of 6ps.
Short integration time is associated with high energies, for
the range up to 300°C. Signals below 170°C were not
recorded; they did not have enough energy, because only
photons with the highest energies are captured. There are
not enough photons for statistics.

In addition to micro-morphological changes, on the
surface of the ceramic, in the laser irradiated zones, there
are changes in color, roughness and micro-hardness [15].
The XRF analysis was used to determine the qualitative
and quantitative elemental differences between the
irradiated and non-irradiated zones. The analysis of the
results shows minor differences in chemical composition
before and after laser irradiation [12,15].
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Figure 3. Thermographic measurement in zone 1.

Analysis of diagrams of temperature changes in the
selected zone recorded with cameras E 40 and SC7200
show that they have a very similar shape. The difference
is in the measured absolute values of temperature Ty,.
The character of the temperature diagrams indicates an
exponential drop in temperature during cooling.

It is evident that IR cameras setting parameters as I, and
AT have important influence on measured T It is
possible to adjust the camera’s integration time or
temperature range to the desired value, but if the
integration time is chosen, the temperature range will be
automatically adjusted.
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Figure 4. Thermographic measurement in zone 2.

Thermographic measurements with SC7200 camera
performed with different I; show that the measured T«
decreases with increasing I, but that it is not a linear
function.

Frequency of pulses was low enough to protect surface
against dangerous high or long-time overheating (fig.5b).
Diagrams on figure 5a and 5b show body initial
temperature rising.

The introduction of thermography, as a non-contact
testing method for temperature distribution measurement
make possible to determine heath affected zones (HAZ).

C

Figure 5. Thermographic measurement in zone 3.
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Figure 6. Thermographic measurement with [;=6 ps.

It seems that thermography does not have the ability to be
used to monitor the T, in areas irradiated with short
laser impulses, but the obtained thermographic results can
be used as input data in the numerical simulations of
temperature distribution on ceramics surface in the heat
affected zones [15]. A numerical simulation of
temperature changes on the surface was performed using
COMSOL Multiphysics software. The results were
compared and used to verify the applied methods. The
numerical average temperature value for a integration
period of 60us is approximately 485 K. The IR camera
7200 has measured average temperature 200 °C (473 K).
The difference between the numerical values for the mean
temperature and the values obtained by the SC7200
camera is less than 10%, and the values measured by the
E40 camera are about 40% [15].

Verified numerical method can be used to predict the
maximum temperature for different laser fluences.

On the other hand, by applying Romberg's integration and
Richardson's extrapolation, more accurate results can be
obtained for Ty, [18,19].

An approximate estimation of the Ty, can be made based
on the radiance reading from the thermographic sequence
recorded at the time when peak on the diagram is reached.
The radiance recorded with [=160 ps corresponds to
radiance emitted during the laser pulse (8ns). By solving
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the transcendent equation (assuming the laser beam has an
approximately rectangular shape in the central region) the
sample surface temperature during the laser pulse can be
estimated. The radiance read from the thermogram
(fig.5¢) is 14.71 W/sr-m2. It is transformed into 294200
W/sr- m2 (20000 times the pulse duration is shorter). By
solving the transcendent equation, a value of 294332
W/srrm2 was obtained for the radiance. This radiance
value corresponds to a temperature of (2285 + 1%) K.

SEM images (fig 2) confirmed that the induced heath rise the
temperature above melting point. A laser remelting process
is the fundamental process in which the ceramics surface is
melted locally by the laser beam and then it solidifies.

4. CONCLUSION

The aim of this paper is to present the results concerning
the usage of IR thermography for temperature monitoring
during and after laser-ceramics interaction. The real time
control of interaction parameters is very important for
successful laser implementation in different material
processing. FLIR, E40 and SC7200 IR cameras were
used with the aim of recording the maximum temperature
in the irradiated zones. The results have shown that IR
cameras, even those with high performance such as
SC7200, cannot record the maximum temperature value at
the moment of laser operation, but only the average
temperature of the bulk sample material after laser pulses.

Ir camera setting parameters have important influence on
measurement results. I, is the most important parameters.
Results show that the measured T,,. decreases with
increasing I;, but that it is not a linear function.

IR thermography of thermal effects during and after laser-
material interaction can be performed with some special
cares and limitations and to study of post-ablation residual
heating, only.

Application of modern data representations techniques
allowed extracting single temporal-spatial thermogram from
long sequences of thermal images and estimate Tmax
according recorded radiance. The obtain results or IRT
monitoring of laser-material interaction can be used as input
data in the numerical simulations of temperature distribution
on ceramics surface in the heat affected zones and verified
numerical method, which can be later used to predict the
maximum temperature for different laser fluences.

The usability of IR thermography, as an additional tool
during laser processing, increases. Obtained results
encouraged for widening research in this field.

To evaluate the results of the laser impact on ceramics,
An analysis of the microstructure and micromorphology
of the ceramic surface before and after the laser treatment
was carried out by optical and scanning electron
microscopy.
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