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INTRODUCTION

suitably chosen combination of base material and sutrface layer enables to achieve the required properties of the

product [4-6]. Using laser technology to melt and fuse metal powders onto the surface of metal parts, it is capable
of producing high-quality coatings with minimal distortion and waste. However, its application to the base material
significantly affects the mechanical properties of such a product due to the thermal effect during cladding process.
Inhomogeneities in the material structure of the surface layer and the formation of a heat-affected zone (HAZ) influence
the fatigue life of laser-cladded components [7]. It can be used to repair damaged parts, enhance wear resistance, and
even create new parts with complex geometries.
The fatigue behaviour of a material can also be significantly changed by the existence of geometrical flaws [8].
Nevertheless, the fatigue strength is no longer impacted by the flaw when the defect size is sufficiently small, that is,
below a critical value. One way to understand the so-called Kitagawa effect is as a struggle between fracture initiation
mechanisms that are controlled by the defect or the microstructure.
This work follows on from the analysis of the fatigue behavior of the S960 with laser cladded protective layers by a
three-point bending test. The article presents the experimental results of a series of tomographic measurements of
samples and data processing in the meaning of defectoscopy, segmentation and determination of geometric parameters
of structural defects (non-integrities) in the functional protective layer, e.g. |9, 10]. Knowledge of the parameters of
these defects (stress concentrators) is used as one of the inputs into the model for assessment of the effect of such
defects on the fatigue parameters of bi-material components created by the laser cladding technology during the three-
point bending test.

T he use of laser cladding technology has many indisputable technological and economic advantages [1-3]. A

MATERIAL PROPERTIES AND GEOMETRY OF THE SPECIMENS

robotic laser cladding device MLHW-4000 with the diode source are applied [12]. The final samples were cut

out from cladded plates perpendicularly to the cladding direction and machined to final dimensions. The surface
of the cladded layer was machined with a roughness of Ra 0.4. The parameters of the samples are given in Tabs. 1-2
and Fig. 1. The added metal was cladded in two overlapping layers (coatings) as shown schematically in Fig. 2.

T he tested samples consist of high strength steel S960 [11] to which a four different types of surface layers using

Designation Description E [GPa] v[-] Hardness HV 0.5
S960 High strength steel 202 0.27 346
Metco 5INS Aluminum bronze 117 0.32 158
Rockit 401 Hard chrome 104 0.22 620
Not public Cobalt alloy 214 0.27-0.30 440
Hoganis 316L Stainless steel 193 0.25 155

Table 1: Basic parameters of material of the substrate and laser-cladded layers.

/ 174 B t
Sample No.  Material
[mm] [mm] [mm] [mm]
B9/17 Aluminium-Bronze/S960 100.0 22.42 5.57 1.77
T34 Hard chrome/S960 100.0 20.51 5.59 0.76
ST9/14 Cobalt alloy/S960 100.0 21.21 5.54 0.82
N9/17 Stainless steel/S960 100.0 21.42 5.44 0.98

Table 2: Identification and parameters of samples for tomographic measurements.

As shown in Fig. 3, the geometric dimensions of the single-track deposition region mainly include W (deposition width),
H (deposition height), and 4/ (remelting depth), which are obtained by using Photoshop’s measurement tool. The
geometric dilution ratio (D) was defined as [13]:

68



o
A g P. Donbek et alii, Fracture and Structural Integrity, 71 (2025) 67-79; DOI: 10.3221/IGF-ESIS.71.06 s
b
-2 1
(H+5) 2
X Cladded layer
=g >
Z
Yy 1 ~ | B
High strength steel S960
B /

Figure 1: Schematic illustration of the shape and basic dimensions of the tested samples
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Figure 2: Schematic illustration of cladding in section along the height of the sample.

Figure 4: Example of the non-destructive detection of the open sutface cracks and non-solids in the aluminium bronze/S960
samples; (a) Dye Penetrant Crack test with indicated surface defects; (b) Magnetic Particle inspection

In case of Aluminium-Bronze/S960, the dimension is W=2513 um, H=653 um and /=180 pm, the geometric dilution
ratio D=0.21 ( 21%), see Fig. 3. It is the optimum parameter for laser cladded surface [14].
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The X-ray fluorescence spectrometry (XRE spectrometry) was performed with the Delta Professional handheld
spectrometer to identify the actual chemical composition of the cladded layers [15, 16]. The results for each coating
material and parameters of deposition are described in detail [7, 17].

DETECTION OF OPEN SURFACE DEFECTS/CRACKS IN THE LASER CLADDED LAYERS

cladded layers, see Fig. 4. The Dye Penetrant Crack test was performed according to EN ISO 3452-1 and EN

ISO 23277. The method is based on an effect of capillary elevation of wetting liquid into cracks due to a capillary
pressure caused by a surface tension of the liquid [18]. Subsequently, the tested specimens were subjected to the
Magnetic Particle inspection according to EN ISO 17638 used for the detection of surface defects in ferromagnetic
materials. Magnetic field in defected locations appears above surface and creates a so-called Magnetic Scattering Flux.
Magnetic poles are formed at edges of the cracks, and at the points where field lines leave a material and return to it
again. Crack indication is formed by patticles of detection medium (magnetic powder suspension 761 F) which are
attracted by a scattering flux, see [19, 20].

T wo independent non-destructive methods were used to detect open surface cracks and discontinuties of the

DETERMINATION OF GEOMETRICAL PARAMETERS OF THE DEFECTS IN THE LASER CLADDED LAYERS
BASED ON TOMOGRAPHICALLY OBTAINED DATA

tube-detector in an orthogonal arrangement with shared and a very precise rotation platform with a vertical axe

of rotation which enable very specialized methods of collecting of tomographical data (dual source, dual energy),
see Fig. 5.
The device has fully motorized axes to set a distance of X-ray tube - examined object - detector which allows a
magnification from around 1.2X up to 100X. With a given pixel size of detector, it is possible to modify a resolution of
CT reconstruction between 200 micrometers up to units of micrometers for a spatial point (voxel). In an addition to
tomography, this device also enables a large-scale X-ray scanning of flat objects by gradual scanning of subsequent parts
of examined object.
Steel sample was fixed in a rotation axis of tomographic table by using a chuck, see Fig. 5, item no. 4. The object was
scanned by one pair of X-ray-detector. Due to a high decline of X-ray radiation in metal materials, XWT-240-SE (X-
Ray WorX) microfocus X-ray tube was used as a source of X-ray radiation, which enables a using of an accelerating
voltage of 230 kV at a target power of 50 W.
X-ray beam was filtered by a layer of brass with a thickness of 1.5 mm in order to remove photons of low energies
which do not contribute to image information and cause a visual noise, or over excitation of detector outside an object.
A flat panel with a GOS scintillator (XRD 1611, Varex Imaging) was used for a screening with an active area size of
approximately 409.6X409.6 mm, a pixel matrix of 4096X4096, and a pixel size of 100 um, operating at a capacity of 0.25
pF. The screening was done in 1080 angles of rotation of the object.
At each angle, an image (projection) was taken by averaging two images with 2X2 binning (avg) and with an exposure
time of 2 s. The magnification was set to the highest possible reading due to the size of the investigated object and the
active area by distances between the radiation source, the object and the detector while only a part of the sample with a
height of 30 mm was monitored. Size of a spatial point (voxel) in a reconstructed model is approximately 16.7
micrometers at 12X magnification. For the projection correction, the "flat field correction" (FFC) method was used
with a use of averaged radiographs from a scene without an object ("open beam") and without a radiation ("dark field").
For FFC, an average of 200 images with an exposure time of 2 s was used.
A serious adverse phenomenon when scanning metals is the influence of the so-called scattering, i.e. reflections and
scattering of photons on the metal material - the edges of the object are blurred and the whole object is foggy. Another
problem related to the high moderation of the measured metal is insufficient information inside the object and a
phenomenon called beam hardening, i.e. a higher moderation of softer photons in the thickness of the material, which
in the reconstruction causes an evident thinning of the internal structure of the material compared to the areas near the
surface. VG Studio Max 3.4 software (Volume Graphics) was used to reconstruct the resulting virtual model. Due to
the problems described above, algorithms were used duting the reconstruction to suppress scattering and remove beam
hardening. The result of the tomographic reconstruction is a three-dimensional matrix of voxels whose values are coded
in 65535 shades of grey (Ulnt 16). The shades of grey correspond to the degree of moderation of X-ray radiation in the
studied object, while the lighter the shade (higher value), the higher the moderation of X-ray radiation and vice versa.
In order to determine a damage depth as accurately as possible, the final tomographic models were first spatially
transformed so that the tomographic sections in all flat surfaces were parallel to flat surfaces of the sample and the outer

T omographical device TORATOM (Twinned Orthogonal Adjustable Tomograph) combines two pairs of X-ray
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edge of the deposit corresponded to a zero position on the Y axis. The "Porosity/Inclusion Analysis" module
implemented in the previously mentioned VG Studio Max 3.4 software was used for a detection and segmentation of
defects (non-integrities) in a cladded layer. The module is designed to examine 3D voxel arrays for internal imperfections
such as voids and inclusions, and to provide detailed analysis results with information about each individual defect as
well as overall statistical information. During the analysis, information such as a location, size, surface area, and volume
of each individual defect can be obtained. First, each voxel in the monitored area ("region of interest", ROI) is checked,
based on its value in a relation to the specified local contrast threshold, to see if it is part of the defect. Subsequently,
groups of nearby voxels registered as defects are created.

Analysis incline to image noise, and in the presence of which there is a large number of false detections and a high
consumption of calculation time. In order to suppress these problems and define the 6 defects as precisely as possible,
an image filtering with a "non-local means" algorithm was used. This reduces the noise in the data set significantly, while
preserving internal structures and edges.

Figure 5: Photo of arrangement of the TORATOM tomograph during an irradiation of the studied samples; (1) X-ray tube XWT-
240-SE; (2) flat panel detector XRD 1611; (3) high-precision rotary platform with a vertical axis of rotation; (4) chuck with an
attached sample; (5) anti-vibration table with an active damping terminus of vibrations and CNC-controlled feeds component.

MECHANICAL THREE-POINT BENDING TEST

on the fatigue life of components made from the high strength steel S960. Cyclic loading causes initiation,

cumulation and propagation of structural defects in the material. Plastic deformations and the initiation of
fatigue cracks occur in places of stress concentration. This process leads to the growth of long fatigue cracks and can
lead to fracture [21, 22]. The course and results of the three-point bending tests are dealt with in more profoundly in
the work Fatigue life of S960 high strength steel with laser clad functional surface layers, see [7]. For the samples in
which a series of tomographic measurements were performed, the influence of the detected structural defects on the
final fracture was monitored and assessed.

T hree-point bending tests (21x5.5%X100(80) mm) were applied to evaluate the impact of the laser cladded layers

RESULTS AND DISCUSSION

surface cracks only in the cladded aluminium bronze layer (sample No. B9/17). No surface defects were

indicated by these methods in the other material samples.
In case of the tomographic analysis of defects, a region of interest (ROI) was defined in each sample. This area was
chosen in the X- and Z-axis directions in the centre of the sample and slightly smaller than its boundaries to avoid false
detection of the defects caused by artifacts at the steel/air interface. The size of the ROI in these two directions was
constant, namely 5 mm in the direction of the X axis and 28 mm in the direction of the Z axis. The size of the area in
the direction of the Y axis then varies depending on the thickness of the deposit layer, or the depth of the damage. All
the parameters are summarized in the Tab. 3. An interval distribution of frequencies of the detected faults according to
a length in the Y axis is shown in the Tab. 4 and the following graphs (Figs. 5-8).

T he non-destructive tests (Dye Penetrant Crack Test and Magnetic Particle Inspection) detected short open
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Material (specimen number)

Dimensions [mm] CuAl/S960  Hard chrome/S960  Cobalt alloy Stainless steel/S960
B9/17) (T34) (ST9/14) (N9/17)

Height Wgor 28.00 28.00 28.00 28.00

Width Bror 5.00 5.00 5.00 5.00

Depth Hror 1.90 1.70 1.40 1.18

Thickness of the layer ¢ 1.77 0.76 0.82 0.98

Maximum length of damage 0.61 0.58 (0.27) 0.12 0.27

Table 3: Parameters of the monitored area of interest ROI and a maximum detected length of fault in the Y axis.

Material (specimen number)

Interval of length CuAL/S960 Hard Cobalt alloy Stainless
[mm] B9/17) chrome/S960 (ST9/14) steel/S960
(T34) (N9/17)
(0.02, 0.08> 11 0 0 122
(0.08, 0.14> 9 41 22 110
(0.14, 0.20> 0 25 2 14
(0.20, 0.26> 0 3 0 7
(0.20, 0.32> 0 1 0 1
(0.32,0.38> 1 1 0 0
(0.38, 0.44> 1 2 0 0
(0.44, 0.50> 1 0 0 0
(0.50, 0.56> 3 0 0 0
(0.56, 0.62> 1 0 0 0

Table 4: Interval distribution of frequencies of the detected defects according to a length in Y axis.

Aluminium bronze/S960 (B9/17) and Stainless steel/S960 (N9/17):

Both samples evince very distinct and shatply restricted damage. The sample B9/17 has approximately twice the
thickness of the layer and approximately twice times the maximum length of the defects presented than the sample
N9/17 where fewer defects (about ten times) were detected, however smaller ones. The samples have a comparable
porosity of the monitored areas of the deposit — 0.3% for B9/17 and 0.26% for N9/17. It is clear to see that in the
sample B9/17, the damage appears almost exclusively to a depth of 0.6 mm and is often connected with the surface.
On the contrary, the sample N9/17 has very little surface damage, but a large number of the defects can be found both
between the individual layers of the coating and also at the border between the coating and the substrate, see Figs. 9

and 10.
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Figure 5: Distribution of frequency of defects detected in sample B9/17.
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Figure 6: Distribution of frequency of defects detected in sample T34
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Figure 7: Disttibution of frequency of defects detected in sample ST9/14

140 100%
12200% 90%
120
A 80%
2
E 100 70%
3 60%
S 80
3 50%
3 60
5 40%
[}
§'>‘ 40 30%
— 20%
20 0
1400% 10%

100% 0% 0% 0% 0% 0% 0%

(0.08,0.14>  (020,0.26>  (0.32,038>  (0.44,0.50>  (0.56,0.62>
(0.02,0.08>  (0.14,020>  (0.26,0.32>  (0.38,0.44>  (0.50, 0.56>

Interval of maximum length [mm]

Figure 8: Distribution of frequency of defects detected in sample N9/17
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Hatd chrome / S960 (T34):
In this specimen, the damage apparently extends into a layer which is deeper than the thickness of the coating. This fact
can be observed better on the side section (in the YZ plane, see Fig. 11). It was found that the three largest failures
registered at the interface between the cladding layer and the substrate for the T34 sample with the lengths of 0.58, 0.36
and 0.33 mm occur precisely in the steel substrate and not in the coating itself. The longest crack in the coating has a
length of 0.27 mm — in the results Tab. 3. An example of visualization of the tomographic section is shown in Fig. 12.

size y [mm]

0.61

0.08

2 mm 2mm 2 mm
(@) () © C) ©
Figure 10: Visualization of the tomographic section of the sample B9/17 (a, b) and N9/17 (c, d) at a depth of approximately 0.3

mm. Plain sections by the tomographic reconstruction (a, ¢) and sections with the segmented damage (b, d) are shown, a color
map of coding of the detected faults according to the length in the Y axis (e)
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@ (®)

Figure 11: Zooming in on the side section of the largest crack registered with the T34 sample in the YZ plane. From the plain
section (picture on the left) as well as the section after registration failure (picture on the right), it can be seen that the crack
commences in the material interface and extends into the substrate.

size y [mm]

061

0.08

2 mm 2 mm 2 mm 2 mm

@) (b) © d) ©
Figure 12: Visualization of tomographic section of the sample T34. Section behind the material interface at a depth of approx. 0.83

mm (a) the same section with segmented damage (b), section in the area of the transition layer at a depth of approx. 0.74 mm (c)
the same section with segmented damage (d), color map of the coding of detected faults by Y-axis length (e)

Cobalt alloy/S960 (ST9/14)
The sample with the cobalt alloy deposit evince the smallest amount and size of segmented damage. But it is important
to remember that cobalt alloy scatters X-ray radiation considerably more than steel, which means it's more susceptible
to scattering than the other materials on offer. and is therefore burdened by scattering more than the other presented
materials. Therefore, it cannot be excluded that there are more defects in the deposit. It was not possible to detect them
tomographically especially due to the scattered photons. From the section in Fig. 13 (a), two ovetlap layers of the deposit
can be traced.
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size y [mm]
0.61

@) (b) © @

Figute 13: Visualization of tomographic section of the sample ST9/14. YZ plane side section (a) showing the boundary between
the cladding layer and the substrate (the blue box represents the ROI boundaries), the section in the transition layer region (b) the
same section with segmented damage (c), the color-coding map of the detected defects according to the axis length Y (d)

Samples with defined morphometric parameters of internal defects close to the bi-metal interface were included in a
series of three-point bending tests and subsequently, the analysis of the microstructure of fractures using a scanning
electron microscope Tescan LYRA 3 XMU FEG/SEMxFIB was performed. Propetties of settings and measured values
obtained from the three-point bending test are stated in Tab. 5.

Sample W M 2, 7 P P f o 0 Ny
No. [mmi] [Nml [N] RN [N [N]  [H  [MPg  MPa [eycles]

B9/17  466.63 93.33 2.000 2.444 4.444 0.444 76.90 200 90.0 107
134 391.91 58.79 1.260 1.540 2.799 0.280 77.30 150 67.5 1,683,000

ST9/14 41537  186.92 4.005 4.895 8.901 0.890 81.90 450 202.5 107

N9/17 41599 12480  2.674 3.269 5.943 0.594 80.30 300 135.0 3,496,416

Table 5: Properties of settings and measured values for the three-point bending tests.

More than 107 cycles were performed for samples B9/17 and ST9/14 as you can see in the Tab. 5. For specimen B9/17
it was 17,760,000 cycles to failure and for specimen ST9/14 then 14,138,000 cycles. In sample B9/17, the final crack
was most likely initiated at the interface of two overlapping surface layers in a relative depth of more than 500 pm. Due
to the rather superficial nature of the detected cracks with the maximum depth of around 0.6 mm can be assumed that
none of the cracks detected in this sample significantly affected the fatigue life during the three-point bending test. The
situation is similar for sample ST9/14. The dominant crack leading to the rupture of the specimen was most likely
initiated from the surface. No open surface cracks were identified by any of the methods that were applied to detect
surface cracks. Also, the tomographically obtained data do not indicate the occurrence of subsurface defects with
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connections to the surface. It can be assumed that even in this case the service life of the sample was not affected due
to the detected structural non-integtities.

The situation is different for sample T34. Despite the used lower maximum stress omax, the sample fractured after
significantly fewer load cycles than the previous two samples. This is the sample with the greatest number of observed
defects. Multiple crack initiation was detected at the interface of the two layers in the region of predicted critical crack
development leading to fatigue fracture. From the above it can be therefore assumed that the location, length and
frequency of defects had an effect on the fatigue life of the sample. On the contrary, the effect of cracks detected in the
base material was not proven.

Bigger number of defects were tomogtraphically also detected in sample N9/17 especially near the interface of the first
surface layer and the base material. There was observed multiple initiation of cracks, leading to the development of a
critical crack and fatigue fracture in the same area during an analysis after performing the three-point bending test. It
can be supposed that the observed defects affected the fatigue behaviour of the sample.

CONCLUSION

the following statements can be concluded:

. X-ray micro-tomography was performed and the data obtained were processed in the sense of non-
descrutive, segmentation and determination of geometric parameters of the present defects. The achieved
spatial point size of the obtained models (voxel) was approximately 16.7 micrometres. The defects with a
volume greater than 8 voxels were observed. In all samples, the small defects were detected and subsequently
segmented. Their length in the observed direction (perpendicular to the surface of the coating) was in the range
of 20-610 micrometres. Some of the cracks in specimen T34 (hard chrome) were shown to extend into a layer
deeper than the thickness of the coating, i.e. into the steel substrate.

*  The solidified grain size and shape in the cladding zone show non-uniformity because of variations in nucleation
and growth circumstances. The grain shape in the cladding layer varies between columnar and equiaxed crystals
as one moves from the bottom to the top.

*  The three-point bending tests have been performed. Fatigue fractures were analysed by electron microscope
and evaluated. It can be concluded that the used technology, heat effects, the quality of the metallurgical bond,
the frequency and location of defects in the cladded structure, negatively affect the fatigue behaviour, see
samples T34 and N9/17. On the other hand, the presence of inhomogeneities/defects in the surface layer does
not always necessarily lead to the development of these defects into a main crack leading to fatigue fracture and
affect the durability of the product/component. In samples B9/17 and ST9/14, microstructural short cracks
initiated and propagated in places where no significant defects were detected tomographically.

* Itis important to have a good knowledge about the effect of internal defects in surface layer and in the area of
the bi-material interface on the initiation and propagation of fatigue cracks and thus on the fatigue behaviour
of the component.

It should be noted that the results presented within this paper are a part of the investigation ‘Fatigue behaviour of
metallic components with bi-material interface’, see [7][17][23][24]. These pilot results are going to be complemented
by additional studies such as for example x-ray microtomography investigation combined with four-point bending test
implemented to multiple samples of same material groups.

B ased on the submitted information and results plotted in the tables (Tabs. 1-5) and figures (Figs. 1-13) above,
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