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Abstract

The non-destructive testing method for quantitative
examination of imperfections in the coating layers depos-
ited by Electric Arc Spraying, is presented, designed to
identify the location and the size of the lack of adhesion
imperfections situated at the interface between the base
material and coating layer deposited by thermal spraying.
In the experimental programme, a special set of calibres,
achieved by thermal spray deposition, is used. A factorial
experiment is carried out to determine the optimal parame-
ters in order to obtain a controlled thickness of the depos-
ited layer, useful for calibres.

INTRODUCTION

Thermal spray process is applied to produce coatings
layers, either as a thermal barrier, or in order to increase the
wear and/or corrosion resistance in aggressive environ-
ments, /1/. Electric arc spraying (EASP) is a thermal spray-
ing process characterized by high efficiency, mainly due to
simple preparation of surface, /2/. The thermal spray coat-
ing layer is usually characterized by: adherence, micro-
structure, density and porosity. The adherence is one of
basic characteristics of the coating layer, providing
strength, durability and protection of coated components,
/3, 4/. Anyhow, it is not a simple task to achieve high
quality of coatings, since even a small deviation during
manufacture could result in imperfections located at the
interface between base material and the coating layer,
which can cause cracking and/or peeling.

Non-destructive evaluation (NDE) of coating layers is
therefore a strong demand. Active Infrared Thermography
(IRT) is considered to be a very useful NDE technique,
since it is a flexible non-contact method to obtain the in-
time evolution of the material surface’s thermal map,
providing information regarding size and position of adhe-
sion defects, /5/.

The work presented here is focused to an experimental
program to identify imperfections located at the interface
between the base material and coating layer deposited by
thermal spray process, as well as to determine their size.
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Izvod

Ovaj rad se odnosi na metodu ispitivanja bez razaranja
(NDT) radi kvantitativne analize gresaka u slojevima prev-
laka nanesenih elektrolucnim sprej prskanjem (EASP).
Metodom se identifikuju mesta i dimenzije gresaka naleplji-
vanja koje se nalaze na granicnoj povrsini (interfejsu)
osnovnog materijala i sloja previake nanete termickim
nabrizgavanjem. U eksperimentalnom programu koriscen
je specijalan set kalupa za termicko nabrizgavanje. Fakto-
rijalni eksperiment je izveden radi odredivanja optimalnih
parametara i dobijanja kontrolisane debljine nanetog sloja.

MATERIALS AND METHODS

Experiments are conducted on a set of ten S235 steel
plates with dimensions: 200%200x3 mm. These plates
(samples) are covered by EASP according to EN 657: 2005,
using Al wire (Aluminium Metco). Based on data from the
product catalogue and preliminary experiments, the central
point was established and afterwards the variation domain
of the selected Infrared Thermography (IF). On the ten
plates a single run through the central area of each sample
is applied, using the parameters listed in Table 1. Techno-
logical parameters for factorial experiment are presented in
Fig. 1.
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Figure 1. Parameters for the factorial experiment.
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Table 1. EASP parameters used in the experimental program.

Experiment no. Arc current Spraying Spraying
(sample intensity speed distance
marking) 1[A] v [cm/min] D [mm]

1 180 100 100

2 220 100 100

3 180 200 100

4 220 200 100

5 180 100 200

6 220 100 200

7 180 200 200

8 220 200 200

9 200 150 150

10 200 150 150

Non-destructive methods such as thickness and rough-
ness measurement of coating layer are used for quality
assessment of the obtained results. Measurements are carried
out according to the measurement plan shown in Fig. 2.
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Figure 2. Measurement plan: area and position of points.

The design of the experiment and the results’ evaluation
are done by using STATGRAPHICS specialised software
for statistical design and analysis, while thickness measure-
ments are done with a coating measurement system Pocket-
LEPTOSKOP type, Karl Deutsch (Germany). The rough-
ness measurements are performed with a Mitutoyo SJ.201P
(Japan) roughness meter.

RESULTS AND DISCUSSION

Result of factorial experiment for controlling the thickness
of EASP coating layers

Tables 2 and 3 show the results of thickness and
roughness measurements performed on sample no.l and
Fig. 3 shows its distribution. Similarly, measurements are
performed for all 10 samples of steel plates coated with
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aluminium, using different EASP parameters listed in Table
1. These results are used to establish mathematical relation-
ships between the process parameters to control the thick-
ness of coating layers by EASP. Main process parameters
are: [ [A] — arc current intensity; U [V] — arc voltage; v
[cm/min] — spraying speed; D [mm] — spraying distance; p
[MPa] — air pressure.

Upon thickness measurement of coating layer, three
determinations are carried out for each point of measure-
ment, thus resulting in three sets of measurements for each
sample. Upon roughness measurement of the coating layer,
for each measurement point shown in the measuring plan,
the measurement length is 10 mm, the indicated point being
placed in the centre of measuring length.
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Figure 3. Distribution of coating layer thickness and average
roughness. (a) Thickness (um) and (b) Roughness R, (um).
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Table 2. Sample no.1: thickness of the coating layer (um).

Technological parameters I[A] 180 v [cm/min] 100 | D [mm] | 100 U [V] | 28 p [MPa] | 0.4
ZONE A B C D E F G Average Standard deviation
Measurement set: 1
1 93.8 225.0 | 681.0 966.0 576.0 | 274.0 66.3 91.1 12.49
2 80.0 274.0 | 530.0 924.0 642.0 | 241.0 | 106.0 227.4 29.19
3 107.0 244.0 | 629.0 1055.0 618.0 | 273.0 | 136.0 545.6 82.18
4 70.3 259.0 | 605.0 1030.0 715.0 | 315.0 | 115.0 954.8 67.54
5 106.0 212.0 | 461.0 991.0 686.0 | 311.0 | 147.0 670.5 63.05
6 91.3 213.0 | 503.0 913.0 785.0 | 315.0 | 136.0 301.6 36.45
7 85.1 203.0 | 471.0 860.0 671.0 | 329.0 | 115.0 112.1 28.95
8 95.3 189.0 | 485.0 899.0 671.0 | 355.0 75.3 91.1 12.49
Measurement set: 2
1 50.9 252.0 | 552.0 978.0 617.0 | 211.0 86.3 82.2 25.75
2 126.0 214.0 | 559.0 950.0 670.0 | 402.0 | 143.0 234.6 38.15
3 67.8 228.0 | 630.0 921.0 682.0 | 269.0 | 179.0 538.6 54.48
4 76.9 290.0 | 568.0 939.0 639.0 | 326.0 70.9 940.5 58.11
5 61.0 288.0 | 508.0 1055.0 697.0 | 332.0 | 157.0 673.6 33.46
6 85.2 212.0 | 501.0 924.0 679.0 | 326.0 85.7 305.9 56.04
7 75.9 203.0 | 545.0 897.0 726.0 | 276.0 | 152.0 121.1 40.95
8 114.0 190.0 | 446.0 860.0 679.0 | 305.0 95.0 82.2 25.75
Measurement set: 3
1 98.0 172.0 | 548.0 943.0 730.0 | 257.0 58.6 90.7 14.78
2 101.0 208.0 | 501.0 914.0 611.0 | 273.0 63.2 227.8 44.44
3 76.7 226.0 | 553.0 878.0 625.0 | 226.0 | 181.0 512.5 37.04
4 81.9 258.0 | 544.0 1030.0 571.0 | 309.0 | 118.0 910.6 62.09
5 87.8 233.0 | 518.0 946.0 764.0 | 324.0 | 103.0 654.9 67.55
6 69.8 257.0 | 490.0 838.0 698.0 | 327.0 91.4 295.5 38.63
7 94 169.0 | 504.0 853.0 631.0 | 327.0 | 126.0 114.3 45.37
8 116.0 299.0 | 442.0 883.0 609.0 | 321.0 | 173.0 90.7 14.78
Table 3 Sample no. 1: average roughness of the coating layer, R, (um).
T;‘;?gg;ilr‘;al 1[A] 180 | m/Vmin] 100 | D[mm]| 100 | U[V] 28 p [MPa] 0.4
ZONE A B C D E F G Average Standard deviation
1 18.3 229 28.1 23.1 21.8 27.6 23.7 20.1 2.49
2 229 31.0 29.0 23.7 23.8 24.5 21.7 25.0 4.67
3 19.2 242 22.5 25.9 29.4 27.1 22.9 26.1 2.90
4 23.1 26.5 22.7 33.8 30.8 253 21.2 26.6 3.47
5 16.5 29.4 29.9 28.4 242 31.3 19.8 26.1 3.23
6 22.8 17.6 23.7 26.9 253 23.5 19.9 26.1 2.55
7 18.8 20.3 25.9 26.8 29.1 24.1 249 232 3.71
8 19.2 28.6 27.4 23.9 24.5 252 31.2 20.1 2.49

The assessment of obtained results is facilitated by using
a specialized software for modelling and statistical evalua-
tion, STATGRAPHICS. Figures 4-7 show results for the
statistical evaluation of experimental data. The regression
function that uses actual values to calculate the coating
layer thickness (CLT) is given by Eq.(1):
CLT =1665.57 + 2.54125.1-6.991-v — 7.865-D —

—0.002425-1-v + 0.000875-1-D + 0.02814-v-D (1)
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This regression equation is used and validated during the
realization of calibration block. Thus, to achieve an average
layer thickness of 350 um, the following technological para-
meters are used: =200 A; V=200 cm/min; D = 183 mm,
U= 28 V. We also mention that having a Gaussian layer
thickness distribution and a given size of calibration block,
to achieve a relatively uniform thickness throughout its
area, three passes are made using a step p =45 mm.
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Pareto Chart for layer thickness
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Figure 4. Statistical evaluation of experimental data: thickness.

(a) Pareto chart for cqating layer.thickness — influence of process Pareto Chart for Ra

parameters; (b) coating layer thickness changes based on main
technological parameters.
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Figure 7. Statistical evaluation of experimental data: roughness.
(a) — (e) Estimation of response surfaces and coating layer
roughness, based on main technological parameters.

Calibration

The surface quality and roughness of the coating layer,
respectively, are important both for the manufacture of
calibration block and for many other industrial applications.
The calibration block should have a small roughness in
order to obtain reference thermograms without disturbing
signals coming up to the superficial layer. In industrial
applications where components are further protected by
paint, a small surface roughness results in financial savings
through a lower primer or paint consumption.

Another aspect of calibration procedure is presented
using results obtained by applying active pulse IRT on a
S235 steel plate, coated with Aluminium by EASP with a
layer of 350 um average thickness, as described in more
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detail in /6/. The sample examination process is recorded
with an experimental IRT system. For non-destructive
examination of the sample, two different examination
techniques of active pulse IRT are used: with and without
contrast material applied to the sample surface. As shall be
described in the following section, the purpose of this
contrast material is to enhance the thermal contrast, while
reducing false indication of imperfection. Depending on the
application, different fluids can be used as contrast material
(water, oil or solvents). In this case, the sample and the
calibration block are moistened using tap water. The
thermograms for the sample and the calibration block are
presented in Fig. 8.

In Figure 8a one can observe, beside the simulated
imperfections revealed as hot-regions, some spots which
are ‘hotter’ than the rest of the plate, i.e. regions which are
cooling down slower than the rest of the coated surface,
without being necessarily the presence of a simulated or
existing imperfection at the coating layer — substrate inter-
face. This behaviour could lead to a misinterpretation of the
thermographs, making it harder to identify the real imper-
fections/defects or could even cover up the real lack of
adhesion defects. After the analysis of the coated surface
morphology for these areas, it is possible to determine the
cause of this behaviour and to apply a procedure which
attenuates, or even eliminates (Figure 1b) these ‘ghost’ heat
output signals.
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Figure 8. Thermographs of sample and calibration block,
(a) without contrast material; (b) with contrast material.
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CONCLUSION

Using experimental results, mathematical relationships
are established that describe the dependence between main
technological parameters in the electric arc thermal spray-
ing process in order to control the thickness and roughness
of the coated layers. These correlations are used to
determine optimal process parameters, used to realize the
etalon for non-destructive examination by active IRT of
anti-corrosive aluminium coatings, using EASP.

The algorithmic capabilities designed and implemented
in the experimental program, based on the main principle of
identifying the most relevant frame (or pair of successive
frames) in a thermographic film, represent a consistent
theoretical basis for extending the software modules for
other applications in the field of non-destructive thermo-

graphy.
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