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Abstract. Thermography is a non-contact technique used to obtain thermal maps
of a component surface. Active Thermography (AT) has gained a lot of interest
in recent years as a tool to characterize thermal properties and fatigue damage
in materials, coatings, and components. Hidden flaws can also be detected based
on the surface thermal map in a non-destructive way . This paper presents a pre-
liminary experimental procedure where Lock-in AT is exploited to characterize
wear damages of a flat steel surface featuring a series of linear wear traces from
pin-on-flat wear tests. A dedicated temperature data processing route was set up to
correlate thermal signals to the characteristic parameters which may identify the
amount of material loss by wear. The results suggest that AT may be a promising,
fast, and alternative method to detect and quantify wear on surfaces. An exponen-
tial law correlates the wear track width, depth, and area with the intensity peaks
of the fundamental harmonics of the pulsed thermal response. Although the sen-
sitivity and reliability of this method is still to be assessed, this preliminary work
might pave the way to significant implications for AT in industry in the case of
wear on hidden surfaces.
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1 Introduction

Wear phenomena represents one of the most relevant damages in mechanics. In the
scenario of Industry 4.0, the quantification of the amount of wear and the wear control
in components is becoming a relevant issue to support industrial process optimization.
Thermography is a non-contact technique that can be used to obtain thermal maps
of a component surface during a given observation period. In the technical literature of
recent years, many efforts have focused on thermographic testing methods as a tool to
characterize the fatigue damage in materials, coatings and components. More recently,
Active Thermography (AT), also called “stimulated thermography” became attractive
for a variety of manufacturing processes. This technique requires that surfaces are ther-
mally stimulated by means of an external heat source in order to characterize thermal
properties and/or to detect flaws based on the thermal map. The thermal stimulation can
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be concentrated or diffused, for instance, laser beam stimulation, flash photo-thermal
stimulation, induction stimulation, and electromagnetic or ultrasound stimulation. Many
papers describing methods and algorithms to improve hidden defects visibility have been
published [1] [2] [3] [4] [5]. Active thermography is well-suited for detecting surface and
subsurface defects because the thermal response of a component volume with a defect is
different than in sound regions. For instance, active thermography has been successfully
applied in the offline investigation of the welding microstructure and defects [6] and in
[7] [8] some algorithms related to phase map results were exploited to evaluate both
crack growth and possible crack tip location. In case of materials characterization, an
Active Thermography setup was recently and successfully developed to estimate thermal
diffusivity values of thermal barrier coatings (TBCs) [9] [10] and Aerogel materials [11],
according to ISO 18555 and ISO 18755 Standards. To that aim, both pulsed and Lock-In
configurations were adopted. In [12] Passive (without thermal excitation) and Active
(with thermal excitation) Thermography approaches were adopted to characterize spec-
imens subjected to High Cycle tests, in order to relate the thermal diffusivity variation of
each sample to the corresponding variation of traditional parameters as surface thermal
increment and hysteresis loop area.

This paper explores a preliminary experimental procedure where AT is proposed to
characterize wear damages. The AT analysis is here applied to measure the stimulated
temperature map of a flat steel surface featuring a series of exposed wear traces. A
dedicated temperature data processing route was set up and allowed to correlate thermal
signals to the characteristic parameters which identify the amount of material loss by
wear, e.g. the wear track depth and width, and the cross-sectional wear track area.

Sine wear phenomena are complex to investigate, several standards and custom
testing methods are currently exploited in laboratory practice [13, 14]. Amongst the
other standard model tests, pin-on-flat is a well-established and widespread wear test
method for research purposes [15]. Reciprocating pin-on-flat tests were carried out in
this work to produce wear traces of increasing size on the flat sample analyzed by AT.

The results presented in this study suggest that AT may be a promising way to
inspect worn-out surfaces. However, further refinements are needed, and the sensitivity
and reliability of this method is still to be assessed through a systematic test campaign
with different materials and damaged regions of different size and shapes.

This procedure is intended to be a fast method, alternative to the traditional ones
which exploit surface topographic data or surface profiles. The method is here introduced
in the case of exposed wear tracks, but it might open up to significant implications for
industry if it is extended to the identification or quantification of wear damages on hidden
surfaces.

2 Materials and Methods

Tribological tests were carried out by means of a TRB pin-on-disk tribometer (Anton
Paar TriTec, CH) with a rectangular 4 mm thick C45 steel sample (AISI 1045). A 10 mm
diameter alumina sphere was used as the friction partner for pin-on-flat tests. Wear tests
were performed in linear reciprocating mode with the ball installed in a stationary ball-
holder and the sample was fixed to a sliding table, according to the ASTM G133 standard.
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The test load was 10 N, and the reciprocating motion occurred with frequency of 2 Hz.
The stroke length was 12mm corresponding to a maximum speed of about 0.1m/s in the
middle of the stroke. A series of 11 tests were performed in sequence with increasing
sliding distance from 2 m to 1000m, herein referred to as Track n.1 ton.11, to obtain wear
scars of increasing size. A fresh location on the sphere was exposed before starting each
test. The profiles of wear tracks were measured by stylus profilometry (SM Instruments
PGS200, IT) according to the scheme in Fig. 1. One single profile was acquired in the
middle of the stroke at the end of the series of test. The corresponding representative
quantities describing the size of the wear track, i.e., width, depth and cross-sectional
area, are listed in Table 1. The same zone was used during the active thermography
measurements.

a) Track 11 Track 1 b) Surface profile

Stylus

o I R S o s = T e e P o k| O
0 1.t . ! y s, Y

profilometry " - 5

Stroke

v
W/

30 ¥
T

T T T T T T
2 4 6 8 10 12 14 16 18 20 2mm

1000m 500m 300m 150m 100m 60m 40m 20m 10m 5m 2m Track 11 Track 1

Fig. 1. (a) Schematic of the test sequence and profile extraction; (b) Wear track profile acquired
by stylus profilometry of the sample surface at the end of the series of test.

Table 1. Characteristic wear parameters of the wear tracks obtained from the profilometric
inspections. Data refer to the middle of the stroke.

Track n°® | Sliding distance [m] | Width [mm] | Depth [pm] | Cross-sectional Area [umZ]
1 2 0,261 4,32 398

2 5 0,432 5,40 656

3 10 0,432 3,67 739

4 20 0,492 3,70 893

5 40 0,565 4,65 1135
6 60 0,592 5,29 1141
7 100 0,567 7,60 1950
8 150 0,640 8,53 2748
9 300 0,926 15,49 8544
10 500 1,060 18,70 12379
11 1000 1,355 34,49 30138

Wear characterization was performed by means of the Active Thermography (AT)
equipment from JTech Lab at Politecnico d Torino. It is composed of an IR camera, a
laser beam excitation source and a PC control unit. The IR camera is a FLIR A6751sc
with sensitivity lower than 20 mK and 3-5 pwm spectral range, while the laser source can
generate a maximum power of 50 W concentrated in a small surface.
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Lock-In Active Thermography technique in reflection mode configuration (see Fig. 2)
was adopted in this activity. A periodic heating was generated on the component surface
and thermal maps in terms of response amplitude or phase were acquired. This way,
possible heat conduction alterations due to surface or subsurface damage can be pointed
out in a qualitative or quantitative way. Amplitude and phase images were extracted at
the so-called Lock-In frequencies; these frequencies were chosen due to the high energy
contribution in the frequency domain.
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Fig. 2. Schematic of the active thermography equipment.

Lock-In frequencies depend on the waveform of the thermal power signal and rep-
resent a kind of resonant thermal frequencies of the system. In case of a sine wave
power excitation, only the first Lock-In frequency is considered, and it is computed
with the corresponding period excitation. In this work, a square thermal power wave
with a duty cycle equal to 50% was considered to heat up the worn-out regions of the
flat sample. In literature, three Lock-In frequencies are usually considered in case of a
square wave excitation, and they correspond to the odd harmonics (i.e., I harmonic - |
Lock-In frequency, III harmonic - II Lock-In frequency and V harmonic - III Lock-In
frequency.). The real square wave frequency response may introduce amplitude or phase
contributions also at different harmonics (for example II or IV harmonic), but they are
not considered as Lock-In frequencies due to the low energy level [16]. In this work,
more than the two fundamental harmonics (I-III harmonics) were investigated. A dedi-
cated analysis to the IT harmonic was also performed to investigate if the wear superficial
damage can be detected by using that harmonic since its contribution was no negligible
in our experiments.

In this activity, each wear track was thermally excited in the middle of the stroke
through a pulse train of 20 heating pulses with period of 10 ms and a power of 20 W. The
specimen was located 790 mm away from the IR camera and the frame rate acquisition
was 785,7 Hz. Repeatability was checked with 8 test repetitions. Each repetition was
carried out after the complete cooling-down of the sample surface.

An alternative Lock-In data interpretation was proposed with respect to the well con-
solidated approach proposed in the scientific literature. Frequency response of each pixel
is usually evaluated from the time-domain temperature profile, and results (amplitude
and phase images) are extracted at the Lock-In frequencies. In this study, radiance values
were extracted instead of temperature from each pixel. This way, emissivity computation
was avoided in the very small area of the wear tracks, due to the same surface aspect of
wear traces. An average radiance curve was evaluated over a Region Of Interest (ROI)
located in the center of each wear track (see Fig. 3) by averaging the radiance values
from each pixel within the ROI. For the present investigation a ROI of same dimension
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was chosen in order to highlight the effect of the increasing size of the wear track. The
surface outside the wear track can be considered as a sound region. Therefore, when the
width of the wear track increases, the share of the ROI covered by a sound region is
reduced.

Fig. 3. (a) ROI; (b) test setup where the specimen and the laser pointer is visible.

The given ROI was the same in terms of number of pixels for each wear track;
it was located in the center of the stroke where the laser was applied. Data extracted
were processed with FLIR ResearchIR® software considering the evolution of the envi-

ronmental parameters (temperature, humidity and reflected temperature) which were
monitored during the tests.
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Fig. 4. (a) Relative radiance profiles; (b) Amplitude power spectrum.

The relative radiance profiles (absolute radiance profiles with respect to the envi-
ronmental radiance) for each test repetition is illustrated in Fig. 4 (a), as an example
for wear track n°6. Signal Processing Toolbox 8.6 (available in Matlab Software) was
exploited to compute the power spectrum of the frequency response. Amplitude in Deci-
bel was preferred to emphasize differences between the peaks of the thermal responses
(see Fig. 4b). Particular attention to the spectral leakage was also devoted. As suggested
in the Matlab guideline [17], the leakage value directly impacts on the mainlobe width
through the Kaiser window. Data were processed with a rectangular window to improve
spectral resolution (leakage value equal to 1). Results in terms of amplitude for the first
three harmonics (see Fig. 4 (b)) were extracted, and a mean value for each wear track
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over the 8 repetitions was considered. These results from AT analysis were correlated
with the wear parameters of Table 1 with an exponential fitting. Equation (1) shows the
mathematical formulation adopted for each harmonic:

WP =aq ee™ (1)

where a and b are two coefficients to be determined, WP is the wear parameter (depth,
width or area) and c is the peak value of the investigated harmonic. a and b coefficients
were calibrated with the goal of maximizing the R? fitting index.

As illustrated in Fig. 1, wear tracks from n°1 up to n°5 show a very similar size and
shape, therefore only the wear track n°4 was considered in the analysis.

3 Numerical Model

A numerical model of the laser heating process was set up for the same wear tracks
analyzed in the experimental activity to validate the proposed wear characterization
method. In excluded wear tracks (n°1, 2, 3, 5) no appreciable thermal responses variation
was observed.

A 3D model was implemented. The steel specimen was defined as a rectangular
prism whose dimensions are identical to the real sample, and just one wear track was
modelled in the middle of the specimen for each case. The wear tracks were modelled in
a simplified way by assuming a circular profile whose width and maximum depth were
equal to the values reported in Table 1. A quarter geometry with symmetry conditions
was exploited to reduce both number of elements and computational time.
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Fig. 5. Wear track n°7: geometry and mesh.

A Transient Thermal Analysis was setup through the Mechanical APDL solver in
Ansys Workbench. Physical (density) and thermal (specific heat and thermal conduc-
tivity) properties of AISI 1045 (UNI C45) were defined over the computational domain
from the Ansys Library. Pulsed heating was modelled with a Gaussian heat source to
reproduce the laser beam excitation. Convective effects with air were utilized as boundary
conditions.

A signal mean value was extracted from a ROI whose dimensions and location
were identical to those adopted during the experimental analysis. Figure 5 shows, as an
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example, the meshed domain of analysis in case of the wear track n°7. A finer tetrahedral
mesh was defined inside the ROI (green region in Fig. 5), i.e. where the laser beam spot
interacts with the steel surface. In this case, temperature profiles were obtained from
each node instead of radiance values. Temperature profiles and wear track parameters
were correlated following the same procedure explained in Sect. 2.

4 Results

Experimental and numerical results for tested wear tracks are presented in this section.
Experimental and numerical frequency responses for the tested wear tracks (n°: 4, 6, 7,
8,9, 10 and 11) are shown in Fig. 6.
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Fig. 6. (a) Experimental frequency response in radiance values; (b) numerical frequency response
in temperature values.

From the experimental point of view, the analysis of Fig. 6 shows a different thermal
response on the basis of the tested wear track. More in detail, thermal variations in terms
of peaks amplitude, and for each harmonic, may be correlated with wear parameters
(depth, width and area shown in Table 1). Figure 7a correlates the experimental peak
amplitude from the AT responses with the wear tracks area. The correlation between
peak amplitude values and the corresponding cross-sectional wear track area are indi-
cated as dots, while the exponential fitting is represented by continuous lines. Sim-ilar
results are illustrated in Figs. 8a and 9a, for wear track width and depth, respec-tively.
Figures 7a to 9a shows that a sound correlation exists between the peak ampli-tude and
the characteristic size and geometry of the wear tracks, which is also suggested by the
high values of the R2 index (see Table 2).

From the numerical point of view, similar results can be pointed out in Figs. 7b
to 9b. The correlation between the numerical peaks amplitude and the wear parame-
ters (area, width and depth) follows the same approach proposed for the experimental
correlation and dashed lines are used for the exponential fitting. Numerical results in
terms of frequency responses variations are according to the experimental ones. More-
over, the decibel variation obtained for the I harmonic is comparable. The difference in
terms of amplitude values is related to the original signal in time domain (radiance for
experimental results and temperature for the numerical simulations).
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Table 2. R2 indexes.

Experimental Numerical
Wear parameter |I II I I II I
Harmonic | Harmonic | Harmonic | Harmonic | Harmonic | Harmonic
Area 0.9782 0.9179 0.9847 0.9087 0.9417 0.9011
Width 0.8742 0.813 0.9457 0.7414 0.9083 0.7197
Depth 0.9754 0.8781 0.9916 0.8233 0.9257 0.8095
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Fig. 8. (a) Width vs. experimental amplitude; (b) Width vs. numerical amplitude.

The R? index is listed in Table 2 for each exponential fitting. In particular, exper-
imental correlations generate high R? index in case of I and III harmonics; while the
same considerations are obtained for numerical results in case of I and II harmonics.

Furthermore, high experimental R index were obtained, for each investigated
harmonics, only with area and depth parameters.
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Fig. 9. (a) Depth vs. experimental amplitude; (b) Depth vs. numerical amplitude.

5 Conclusions

In this paper a flat steel sample featuring a series of wear track from pin-on-flat wear tests
was inspected through Active Thermography. The results obtained in this preliminary
work show that thermal response of a worn-out surface can correlate with the character-
istic size of wear scars and, thus, with the amount of wear damage. The thermal response
changed because the wear track affects the heat conduction into the material. Therefore,
this preliminary analysis setup the basis for the future development of a Non-Destructive
Technique (NDT) to estimate wear damage of surfaces.

The developed method, alternative to those illustrated in the literature for Lock-
In data elaboration (amplitude images), uses the thermal response in the frequency
domain with a dB scaling. This way, the difference among the amplitude resonances
peaks at the fundamental harmonics is highlighted and related to the wear damage
evolution. The best empirical damage law between thermal and traditional tribological
parameters is represented by an exponential approximation featuring high R? indexes.
Three fundamental harmonics were investigated, and the best wear characterization is
achieved with the III harmonic.

Finally, results obtained in the numerical analysis are in agreement with the exper-
imental wear characterization. Wear tracks modelled with a simplified geometry can
reproduce the real wear track behavior. From the wear parameter point of view, area and
depth were the wear indicator most closely correlated to the dynamic thermal signals
from Lock-In Active Thermography.

In conclusion, the perspective of AT in real industrial practice is to quantify wear
damage according to a non-contact and alternative method.
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his Batchelor thesis project.
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