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Abstract
Thanks to the widespread use of optical fibers in telecommunication, they, and their accompanying equip-
ment have become cost-effective and easily accessible. We have proved that the changed attenuation of a 
monomodal optical fiber built into a polymer composite can indicate the elongation of the structure com-
pared to its original, unloaded state, before the optical fiber breaks. We also proved that the location of 
deformation in polymer composite structures can be found with OTdR equipment (used for checking the 
coupling of optical fibers). 

Keywords: polymer composite, deformation monitoring, optical fiber, attenuation meter, OTDR.

1. Introduction
Due to the continuous development of polymer 

composites, the need to know their material be-
havior is becoming increasingly important. Be-
cause of their complex structure, the simulation 
of their behavior [1, 2] is a complex task that has 
to take into account the different structural lev-
els of composites, from the nanoscale material 
components, through the connection of the mi-
cro-level constituents (fiber, matrix) to the mac-
ro-level component (layers). For this reason, it 
is important to monitor the structural health of 
composites with non-destructive, in-situ physical 
methods [3]. Their complex structure allows the 
integration of health monitoring sensors, which 
greatly increases their competitiveness against 
other structural materials [4]. With built-in opti-
cal sensors, it is possible to monitor deformation, 
stresses, and the resulting damage and defects 
during the entire life of the composite (lamina-
tion, crosslinking, removal from the mold, as-
sembly, use). some characteristics of the light 
(power, phase, polarization, wavelength, timing, 
and spectral distribution) propagated in the opti-
cal fiber of the optical sensors change as a result 
of external conditions (such as load on the fiber, 

deformation) [5]. Common to the different types 
of optical sensors is that the signal-processing de-
vice can be detached from the optical fiber. It is 
a separate unit; it does not need to be built into 
the composite [6]. The use of optical sensors is be-
coming more and more common in laboratories 
but has not become widespread in cost-sensitive 
industries (e.g., the automotive industry) because 
it requires the installation of a relatively complex, 
expensive system.

An optical fiber is often used to transmit the sig-
nal between optical sensors and the processing 
unit. Nowadays, optical fibers and related tele-
communications equipment have become readily 
available. The most common tool for examining 
the condition of joints (connections, welds) used 
in optical networks in telecommunications is the 
optical power meter. An optical power meter set 
consists of a light source of specific wavelength 
(most commonly 1310 and 1550 nm), which can 
be connected to one end of the optical network, 
and a power meter unit, which can be connect-
ed to the other end of the network. Attenuation 
(α(λ) [dB]) is the ratio of the radiated power input 
(Pin) and the output  (Pout) of the fiber expressed in 
decibels  [7] (1): 

https://doi.org/10.33923/amt-2020-01-01
https://doi.org/10.33924/amt-2020-01-01
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α(λ) = 10 · lg(Pin/Pout) (1)

The radiated power required to calculate the 
attenuation is the power (watts) emitted, trans-
mitted, or received in the form of radiation [8]. 
Another common tool used to test optical net-
works is optical time-domain reflectometry 
(OTdR), which uses reflected light due to Rayleigh 
scattering. Rayleigh scattering is caused by the 
micro-anomalies in the optical fiber. As a result 
of the anomalies, some of the light energy in 
the fiber is scattered in all directions. The closer  
the wavelength of the light to the magnitude of 
the micro-defects is, the greater the degree of 
scattering. The part of the scattered light that 
arrives at the cladding of the optical fiber at an 
angle greater than the critical angle is reflected 
from it and can even travel backward within the 
fiber. By measuring the backscattered light, in-
formation can be obtained about the inhomoge-
neities of the fiber, or even about the change of 
the inhomogeneities. The OTDR sends a pulse of 
light into the fiber and monitors the light return-
ing from it. The return signal weakens over time 
as the light travels longer and longer. With the 
use of the speed of light in the fiber, the starting  
point of the return signal can be calculated. 
Rayleigh scattering can be used to localize fiber 
welds, micro bends, joints, fiber defects, cracks, 
breaks, and branches within the optical network. 
With the help of the OTDR, the location of each 
defect on the optical fiber can be determined 
with an accuracy of the order of meters  [9].  
The advantage of the test is that it can be per-
formed from one end of the optical fiber since the 
instrument measures the pulses reflected from 
the optical fiber.

several researchers have shown that micro- 
level and macro-level bending of optical fibers 
is reflected in the power of light transmitted 
through the fiber [10–12]. several authors have 
examined the condition of the composite struc-
ture with built-in optical fibers, and their results 
suggest that the decrease in light output at the end 
of the optical fiber can be used to detect damage  
[13–15]. This method is suitable for determining 
the location of the damage, but it does not provide 
information about its extent.

In our previous papers [16, 17] we investigated 
the applicability of glass optical fiber to detect the 
deformation of polymer composites. In this study, 
we continued to examine the applicability of opti-
cal fibers and the devices used in telecommunica-
tions for the health monitoring of polymer com-

posite structures. Our aim was to deduce – from 
the changed characteristic of the light propagating  
in the built-in optical fiber – the change of the 
composite compared to its initial, unloaded state, 
due to repeated load. We measured the change in 
the attenuation of the built-in optical fiber using 
instruments commonly used in telecommunica-
tions (optical power meter and OTDR) during low 
cycle tensile loading of the composite specimen. 
Our goal was to detect the deformation before 
the critical condition causes failure, and to de-
velop our method further. Our aim was to show 
that if the increase in fiber attenuation is greater 
than allowed, i.e., if the optical fiber is damaged 
somewhere because the polymer composite is  
damaged, an externally connected OTDR instru-
ment common in telecommunications can be 
used to find the defect.

2. Materials and equipments used
The optical fiber used in the experiments was 

g.652.d single-mode glass optical fiber with an 
outer diameter of 125 µm and a core diameter of 
9 µm (manufactured by Corning) with a perpen-
dicular fiber end design.

We made the composite specimens from two 
layers of zero and ninety degrees woven (ortho- 
tropic) prestressed glass fabric (300±5 % g/m2, 
RT 300 n, Kelteks). Between the two layers, we 
threaded a 140 mm long section of the 3 m long 
optical fiber. The optical fiber was guided out of 
the specimen in front of the grips of the tensile 
machine so that the grips did not directly load the 
optical fiber. 

The optical fiber proved to be very vulnerable at 
the exit and entry points of the composite because 
after manual lamination, the resin surrounding 
the fiber area made the fiber very stiff and rigid.  
To avoid fiber breakage, we only removed the 
250 μm lacquer layer of the fiber (for mechani-
cal protection) in the middle of the threaded fi-
ber over a 100 mm section, leaving a 20 mm lac-
quered section on each side of the built-in fiber. 
The specimen was reinforced with additional 
reinforcing fabric as a clamping tab beyond the 
built-in optical fiber section (beyond 140 mm). 
The specimens were not produced independently 
but were laminated by hand as a single sheet (so 
that during manual lamination, the fabric layers 
could be prestressed and would not be creased by 
the matrix material). Unsaturated polyester resin 
(AROPOL M105 TB, Ashland spA) and 1.5 % initi-
ator (PROMOX P200TX, PROMOX sRL) were used 
as matrix material. After curing at room tempera-
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ture for 24 hours, the specimens were cut from 
the laminated sheet. The specimens were 25 mm 
wide, 1.3 mm thick, with a total length of 250 mm. 
Clamping length was 195 mm, and the installed 
length of the optical fiber was 140 mm. Three 
specimens were prepared for each test.

We used a fiber breaker (Fujikura, CT-30) and 
a fiber welding machine (Fujikura, FsM 12 s) to 
splice the optical fiber. We connected light with 
a wavelength of 1550 nm (AFL Telecommunica-
tions, from a Flexscan Fs-200 light source) at one 
end of the optical fiber. We examined the change 
in attenuation at the other end of the fiber with 
an optical power meter and OTDR instrument 
with a resolution of 0.01 dB (AFL Telecommunica-
tions, FLX380-304 FlexTester OTDR).

We loaded the composite specimens with the 
built-in optical fiber in a tensile machine (Zwick, 
Bz050 / TH3A), and the strain was calculated from 
the crosshead displacement (as a quotient of the 
crosshead displacement and the initial clamping 
length). The optical power meter does not have 
a data logger, but the display shows the current 
attenuation value. To assign these values to the 
measured displacement and force, the values dis-
played by the tensile machine software and the 
display of the optical power meter were record-
ed on video (Figure 1.). With the help of these 
recordings, the attenuation values could later be 
assigned to the values recorded by the tensile ma-
chine. 

3. Results and discussion

3.1. Effect of cyclic tensile load
We examined the change in the attenuation of 

the built-in optical fiber on 3 specimens during 
cyclic tensile loading starting from zero load. The 
attenuation of the optical fibers built in the speci-
mens after gripping was nearly 0 dB. In the tests, 
the loading and unloading speeds were set to be 
1.5 mm/min with an increasing max. displace-
ment of 0.1 mm per cycle. In the case of one speci-
men, the measured values are shown in  Figure 2 
and 3. 

Our results show that the change in the strain 
and attenuation of the optical fiber can be related,  
which can be described by a quadratic function 
with a coefficient of determination greater than 
94 % (indicated by the dashed line in Figure 3.) 
This indicates that the measurement of the al-
tered attenuation is suitable for the detection of 
strain.

Figure 1. Measurement layout (1-measured displace-
ment and force values, 2-optical power me-
ter, 3-video camera, 4-optical fiber, 5-com-
posite specimen, 6-tensile test machine grip-
per).

Figure 2. The change of attenuation and strain as a 
function of time during cyclic tensile load-
ing.

Figure 3. Attenuation of the optical fiber as a function 
of strain during cyclic tensile load.
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Figure 4. Attenuation measured during cyclic tensile 
loading as a function of strain (values mea-
sured for different specimens are marked 
with different colors).

Figure 5. Strain and stress as a function of time mea-
sured during the testing of a built-in optical 
fiber loaded on a 2×140 mm long section 
(stopping the test for testing with the OTDR 
is identifiable in the figure).

Figure 6. Attenuation and strain as a function of time 
measured during the testing of a built-in op-
tical fiber loaded on a 2x140 mm long secti-
on (stopping the test for testing with the 
OTDR is clearly identifiable in the figure).

Figure 4 summarizes the change in attenuation 
as a function of strain.

The measurement results show that the attenu-
ation of the optical fiber is closely related to its 
strain. Higher strain results in higher attenuation. 
Although the measured attenuation values have 
a large variance, it can be said that above 1 % 
strain, the change in the attenuation of the optical 
fiber is greater than 0.1 dB. This method does not  
allow accurate strain measurement, but with the 
help of the changed attenuation of the fiber, the 
deformation state of the composite element can 
be categorized: below 0.1 dB attenuation change, 
the composite is in good condition, while above 
0.1 dB attenuation change, it is expedient to test 
the condition of the composite with additional 
methods.

In previous tests, a 140 mm long fiber section 
was built into the specimens and (ideally) the 
installed section was fully loaded. In our next se-
ries of experiments, we investigated the effect of 
more than one loaded section of the optical fiber.

3.2. The effect of cyclic tensile load on more 
than one loaded section of the optical fiber

To examine several loaded sections of the opti-
cal fiber, we clamped 2 specimens side by side in 
the tensile machine and pulled the specimens to-
gether (in a similar layout as shown in Figure 9.). 
The optical fibers built into the loaded specimens 
were welded together with a 10 m long optical fi-
ber (the specimens were connected together with 
1,5 + 1,5 + 10 = 13 m unloaded optical fibers). With 
this layout, we were able to load a built-in optical 
fiber at several points. The length of the loaded op-
tical fiber was 2 × 140 mm . Loading and unloading  
were performed in the same way as in the previous 
series of experiments, at a speed of 1.5 mm/min,  
with an increasing maximum displacement of 
0.2 mm per cycle. The test was stopped during 
the 5th cycle and the OTDR was used instead of 
the optical power meter (the result of this test is 
presented in Chapter 3.4.). After the test was per-
formed with the OTDR, the optical power meter 
was reconnected to the optical fiber and the test 
was continued. In cycle 7, the built-in optical fiber 
was torn and the optical power meter showed an 
attenuation of over 40 dB. At this time, the OTDR 
was reconnected to it (see Chapter 3.4.). The torn 
optical fiber was illuminated with visible light, 
too. The results are presented in Chapter 3.3.  
Figures 5 and 6 show the test results. The atte- 
nuation measured during the test as a function of 
strain is shown in Figure 7.
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3.4. Determining the location of the large de-
formation using OTDR 

The results so far indicate that the deformation 
of the environment of the optical fiber results 
in a change in the attenuation of the fiber. We 
aimed to investigate whether the location of the 
large deformation in the composite structure can 
be detected with the help of an OTDR, which is 
also used in the inspection of telecommunication 
networks. Widespread commercial OTDR instru-
ments for testing telecommunication networks 
are not suitable for continuous monitoring, as it 
takes a relatively long time to analyze and evalu-
ate the measured parameters. The method is not 
ideal for fast, in-situ condition monitoring (eva- 
luation is in the order of minutes), but may be a 
suitable complement to the previously presented 
attenuation measurement in a periodic condition 
check. By examining the built-in optical fiber, the 
method may be suitable for detecting large defor-
mations of the composite in the vicinity of the op-
tical fiber and for determining the location of the 
deformation. To prove this theory, we stopped the 
movement of the crosshead of the tensile test ma-
chine under tensile load (Chapter 3.1) when the 
optical power meter showed a significant jump in 
the attenuation of the built-in optical fiber (above 
1 dB, which indicates a strain of more than 0.8 % 
in each case). We detached the end of the optical 
fiber from the optical power meter and recon-
nected it to the OTDR using the measurement lay-
out shown in Figure 9. 

Figure 7. Change of the attenuation of the built-in op-
tical fiber loaded at 2×140 mm as a function 
of strain.

The attenuation change of the optical fiber as a 
function of strain is bigger than observed in the 
previous series of experiments, which is clearly 
due to the greater length of the loaded fiber sec-
tion. The optical power meter detects the amount 
of change in attenuation on both 140 mm loaded 
sections of the optical fiber. 

The results show that the length of the loaded 
fiber section must be known so that the deforma-
tion state of the tested composite part can be de-
termined based on the attenuation change of the 
optical fiber. If an optical fiber is loaded in several 
places, the magnitude of the loads cannot be de-
duced separately with the optical power meter. If 
a large deformation in the vicinity of the optical 
fiber breaks the fiber, it can be detected with the 
optical power meter, but other additional tests are 
needed to determine the location of the failure,  
which will be examined below.

3.3. Determining the location of the large de-
formation using visible light 

Experiments with the optical power meter show 
that the attenuation of the built-in optical fibers 
changes as a result of the strain of the composite.  
The light attached to the fiber is absorbed and scat-
tered due to the strain of the fiber. When the com-
posite specimen is highly elongated, the optical 
fiber may be broken. In the event of a fracture of 
the fiber, light exits the fiber at the point of failure.  
The illumination wavelength of the optical power 
meter falls in the infrared radiation range, which 
is not visible. The exit of visible light from the 
fiber at the point of fracture can be identified, a 
phenomenon that may be suitable for locating the 
damage (Figure 8.). 

Figure 8. Visible light emitted at the point of fracture 
in the case of one (a) and two (b) gripped 
specimens.

a) b)
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Due to the dead zone of the OTDR, a 150 m opti-
cal fiber was connected after the instrument, and 
the optical fiber built into the composite spec-
imen was attached to it with an optical connec-
tor. We connected an optical fiber approximately 
200 m long to the other end of the built-in optical  
fiber, to avoid the reflections from the end of the 
fiber, followed by an additional 100 m long optical 
fiber wound with a small radius. With the OTdR, 
we examined the attenuation along the length of 
the built-in optical fiber at 1310 nm and 1550 nm. 
The OTDR can identify the location and value of 
each jump in attenuation with an accuracy of  
0.1 m and 0.01 dB. The evaluation software tries 
to identify these jumps with the types of equip-
ment and failures that occur in the optical net-
works. These elements cannot be interpreted in 
the examination of composites, but the location 
and value of the longitudinal attenuation change 
can be easily observed. The attenuation and dis-
tance measured with the OTDR on the unloaded 
specimen are shown in Figure 9. 

The tensile test of the specimen shown in sec-
tion 3.1. was stopped at an attenuation value 
of ~20 dB, and the OTDR was connected as de-
scribed above. The measured values are shown in  
Figure 10 and 11. 

From the graph obtained from the measure-
ment, it can be seen that between the two optical 
connectors (marked with numbers 2 and 3 at the 
bottom of Figure 11.) of the built-in optical fiber, 
the OTDR measured a considerable increase in  
attenuation. This increase is due to the load of 
the composite specimen into which the optical 
fiber is built. The OTdR instrument measured an  
attenuation of 15.2 dB at 1310 nm and 12.8 dB at 
1550 nm at the fiber length of 150.7 m. Contrary to 
expectations, the attenuation change in the speci- 
men caused by the tensile load is not separated 
in the graph from the protrusion caused by the 
optical connector, which shows the disadvantage 
of measurement with an OTDR. The OTDR can-
not detect the location the deformation causing a 
large attenuation change with an accuracy of cm.

We also gripped and pulled two specimens to-
gether to observe the behavior of the multi-point 
loaded optical fiber and the possibility of exami- 
ning it with OTdR. Two optical fibers built into 
the loaded specimens were welded together with 
a 10 m long optical fiber (the specimens were con-
nected with 1.5 m + 1.5 m + 10 m = 13 m unloaded 
optical fibers). The measurement layout and the 
results are shown in Figure 12, 13 and 14.  

Figure 9. OTDR measurement layout (a) and the values measured with the OTDR on the unloaded specimen (b) 
(1 - OTDR, 2 - optical connector, 3 - 150 m long ballast fiber, 4 - 3 m long optical fiber with a 140 mm 
long section built into the composite specimen, 5 - 200 m long optical fiber, 6 - 100 m long optical fiber 
wound with a small radius to eliminate reflection).

a)

b)
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Only two protruding peaks appear on the graph 
drawn by the OTDR software, and they do not 
show the same attenuation change either. The na-
ture of the instrument developed for optical net-
works is well demonstrated in this measurement. 
In this case, the instrument was no longer able 
to distinguish the mechanical optical connectors, 
they were no longer displayed on the graph, and 
the software was not able to properly evaluate 
the attenuation change measured at each point. 
The instrument measured 15.6 dB attenuation 
at 1310 nm at the location marked with signal 
line “A”, but did not indicate this on the graph.  
At this length, in reality, one of the loaded speci-
mens had a built-in optical fiber section and the 
ODTR regarded the 15.6 dB attenuation change 
as caused by the tensile load on the specimen. At 
mark “B”, the device measured 14.3 dB of attenu-
ation at 1310 nm and at 162.0 m, and also showed 
this on the graph.

The results showed that the OTDR is able to de-
tect and distinguish several loaded sections of a 
single optical fiber, it can measure their attenua-
tion changes and their location with an accuracy 
of a few decimeters. However, these sections may 

Figure 10. The software of the OTDR identifies the 
different attenuation-points with numbers 
marked at the bottom of the figure.

Figure 11. Diagram of OTDR measurement at the atte-
nuation drop measured on the loaded spe-
cimen, section A-B of Figure 10 enlarged.

Figure 12. Measurement layout with two clamped 
test pieces (1 - OTDR instrument, 2 - optical 
connector, 3 - 150 m long ballast fiber, 4 - 
1.5 m long fiber section leading to the test 
piece, 5 - 13 m fiber section connecting the 
test pieces) , 6 - 1.5 m long fiber section exi-
ting the specimen, 7 - 200 m long optical 
fiber, 8 - 100 m long fiber wound with a 
small radius to eliminate reflection).

Figure 13. OTDR measurement graph of the fiber lo-
aded in the two gripped specimens.

Figure 14. A detail of the OTDR measurement graph 
of the fiber loaded in the two gripped speci-
mens.
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be incorrectly identified by the software, so when 
the results are evaluated, it needs to be conside- 
red that the software was developed specifically 
to assess the quality of optical networks.

4. Conclusions
Although originally the optical power meter 

and the OTdR are used to check the quality of 
telecommunication optical networks, for a more 
general purpose, the method presented may be 
suitable for in-situ condition monitoring of poly-
mer matrix composite materials and detect the 
presence of deformation prior to critical failure.  
The cost-effectiveness of the method is ensured 
by the devices used, since both glass optical fibers 
and the optical power meter are an easily accessi-
ble device nowadays.

Our results show that the attenuation of a sin-
gle-mode optical fiber built into a polymer com-
posite changes as a function of strain. After the 
non-damaging load ceases, the attenuation of the 
built-in optical fiber returns to its initial, unload-
ed value. The method is able to indicate the strain 
of the composite structure above 1 % before it 
reaches a strain causing damage to the structure. 
Knowing the loaded length of the section of the 
built-in optical fiber, the strain state of the com-
posite structure can be categorized on the basis of 
its attenuation change: proper, or requiring addi-
tional testing. In the case of a built-in optical fiber 
section of a given length, the maximum attenua-
tion change at which the strain of the composite  
does not exceed 1 % can be determined; in the 
case of a larger attenuation change, the strain of 
the composite should be tested by additional mea-
surement. The reason for the attenuation change 
is that the optical fiber is adhesively bonded to the 
matrix of the composite, and thus the optical fiber 
also deforms as the composite deforms, which re-
duces the light transmittance of the fiber, i.e., in-
creases its attenuation.

We have shown that the attenuation change due to 
the deformation of the optical fiber built into a com-
posite specimen can also be identified with an OTdR. 
The OTDR is not suitable for in-situ analysis, but may 
be a suitable complement to measurement with an 
optical power meter. With the help of the OTDR, the 
location (or locations) of the deformation causing 
the large attenuation change within the optical fiber 
can be determined with an accuracy of half a meter. 
The differently deformed locations can be separated 
from each other if there is a suitable length unloaded 
section (~ 3 m) between them, otherwise the mea-
suring instrument will not be able to separate them.
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Abstract
The bucket wheel excavators (BWE), when operating in faces with hard intrusions (rock structures with 
increased cutting resistance) are submitted to loads exceeding those arising during the operation in normal 
conditions. The most vulnerable structural element of the BWE from the point of view of these loads is the 
boom. The unexpected occurrence of hard formations produces shocks and vibrations, their unwanted effect 
being sudden failures of the constitutive elements and, in long term, fatigue, which increases the vulnerabil-
ity of the mentioned structural element. In the paper we present the results obtained regarding the fatigue 
and remaining lifetime assessment using a new method, issued from the researches performed in the frame 
of BEWEXMIn project. 

Keywords: bucket wheel excavator, fatigue, lifetime, surface hardness.

1. Introduction 
Using surface hardness measurements on struc-

tural elements with a long history of cyclical  
loading as an indicator of the fatigue state, is rela-
tively new in the analysis of structures. 

The representative structures of this approach 
are mainly metallic bridges, cranes, load-carrying 
structures of buildings (mainly subjected to seis-
mic loads), pipelines and other mechanical parts, 
such as gears.  

In the past, the load carrying structures of huge 
earth-moving machines, such as bucket wheel ex-
cavators (BWE) became a subject of this approach  
[1].

It was determined that the fatigue resistance co-
efficient decrease can be correlated with Brinell 
Hardness (HB) increase in the case of  steel.  

Despite the different opinions of specialists re-
garding the so called cyclic softening-hardening 
of steels,  the hardening process in the vicinity of 

zones suffering plastic strain has been confirmed. 
The remnant lifetime estimation of a crane’s me-

tallic structure using nondestructive methods is 
treated in [2]. The paper [3] deals with the rem-
nant lifetime determination of mining equipment 
parts based on hardness increase. Underwater 
structures, such as steel pipes fatigue correlation 
with surface hardness change is presented in [4], 
while in [5] a  hardness based method is present-
ed for the lifetime evaluation of metallic bridges. 

There are many published theoretical approach-
es, not all showing the direct correlation of harde-
ning with the  number of loading cycles. such a  
correlation between the fatigue resistance coef-
ficient (fatigue ratio) and Brinell Hardness has 
been statistically determined as in Figure 1.  [6]

The increase in hardness discussed in this paper, 
depending on the number of repetitive load cycles 
(determined on the basis of operating time), was 
found to have compared the increase in hardness 

%20https://doi.org/10.33923/amt-2020-01-02
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measured on samples collected from the critical 
points of the excavator’s boom structure, with 
original steel samples of the same brand, which 
were subjected to near the breaking tensile stress, 

The average Brinell Hardness variation of sam-
ples collected from BWE boom elements related 
to samples made from the same kind of steel,  in 
the original state, has been plotted, according to 
Figure 2.

The hardness relative increase is significant, 
leading to the conclusion that the hardness can be 

considered as an indicator of fatigue resistance, 
i.e. for the assessment of the remaining lifetime 
of the structure in case.

2. Material and method 
In our approach, three types of measurements 

were considered, as follows: 
 – Joint hardness and tensile strength measure-
ments on samples made by the same kind of 
steel as the BWE boom elements, revealing an 
increase of surface hardness increase in the 
proximity of breakage relative to the hardness 
in the body of the sample;

 – Hardness and strength measurements on sam-
ples obtained from the BWE boom members, 
which where replaced during renewal of the 
respective structural element after failure;

 – In situ hardness measurements on selected 
points of constituent  elements of the boom, 
using a portable non-destructive Krautkramer  
MIc 20 hardness measurement device, the 
points being selected on the basis of FEM analy-
ses and fault history of the given BWE.

We extended the hardness measurement on a 
batch of 7 machines – type Erc1400-30/7 – from 

Figure 1. Brinell hardness increase with fatigue resistance coefficient decrease, according to [6].

Figure 2. Brinell hardness relative increase as a func-
tion of operating hours.
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different open pits from the Oltenia coal basin, 
on the same subassembly, and the bucketwheel 
boom.  

In Figure 3 the average hardness has been plot-
ted in correlation with the age of service of dif-
ferent BWE -s from which the samples were col-
lected. 

It can be observed that the general trend of HB 
is increasing, the  last point value is due to the 
fact that the steel is of another kind than the rest 
of the BWE-s , other deviations are due to the ave- 
raging and different load history (less operating 
hours at same age). 

nevertheless, the differences of hardness bet-
ween different elements of the boom structure 
can provide useful information about the fatigue 
level of different structural parts, for the identifi-
cation of those in which the probability of expect-
ed failures is greater. 

We performed the hardness measurement on 
two machines type E 1400-307, 07 and 08, from 
the same open pit, under approximate tempe- 
rature and excavation conditions to assess the 
hardness for which the structural properties of 
the materials are close.

From Figure  4 we can find that on average the 
decay of properties is not affected by the operat-
ing time between excavators, but there is a clear 
difference between left and right wall (girder). 

Also, the graphs indicates a difference between the 
joints (nodes) which shows an asymmetry between 
left and right and a concentration of hardening at 
the extremities of the boom relative to middle seg-
ment. 

This fact, along with correlation with other analy-
ses can be useful for  deriving a complex, multifac-
torial discrimination method for detecting the most 
vulnerable parts of the boom. 

Figure 3. Evolution of average hardness according to 
operating time.

Figure 4. Distribution of the measured hardness on boom nodes.
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3. Influence of  the age of  BWE on 
faults frequency

The carrying structure of the BWE suffers in 
time degradation by fatigue that affects the func-
tionality of these machines, degradations that can 
be generated mainly by decrease of  fatigue resis- 
tance of materials.

The degradations that may occur over time on 
mobile heavy-duty machinery may be disposed of 
in the form of punctual charts of type defects for 
these machines. These charts have been drawn 
up after conducting the technical expertise of 25 
machines used in lignite open pits

In Figures 5 and 6 different correlations be-
tween operating hours, failures occurred, 
throughput, rate of failure and production rate 
are presented. 

By correlating the fault intensity with hardness 
growth, we can forecast the expected faults num-
ber dependence in terms of the average hardness, 
as in Figure 7.  

4. Conclusion 
Hardness based mechanical properties decay 

analysis  is a  useful  method of investigating the 
change in structural features of mining machi-
nery, and it can provide some information on the 
properties that evolve over time in the compo-
nents of  the load-carrying structure of the ma-
chine.

The hardness relative increase with the duration 
of service is significant , leading to the conclusion 
that the hardness can be considered as an indica-
tor of fatigue resistance, i.e. for the assessment of 
remaining lifetime of the structure in case.

Different correlations between operating hours, 
failures occurred, throughput, rate of failure, pro-
duction rate  were derived, which are useful for 
state monitoring of the BWE carrying structure. 

By correlating the fault intensity with hardness 
growth, it is possible to  forecast the expected 
faults number dependence on the average hard-
ness.

The differences of hardness between different 
elements of the boom structure can   provide use-
ful information about the fatigue level of different  
structural parts, for the identification of those 
in which the probability of expected failures is 
greater, which is  useful for deciding the  sensor 
placement location for state monitoring.

Figure 5. The number of failures according to the ex-
tracted lignite and overburden rock.

Figure 6. The number of failures according to operat-
ing hours.

Figure 7. Correlation between fault intensity and  
hardness.

The results, in correlation with other analyses 
can be useful for deriving a complex, multifacto-
rial discrimination method of detecting the most 
vulnerable parts of the boom.  

The method presented is a new way to assess the 
state of the BWE-s and to forecast the remaining 
lifetime reserve. 
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Abstract
Tattooing is becoming more and more accepted at different levels of society today. A contributor to this is 
that besides body decoration, the cosmetics industry is increasingly using it for make-up tattoos and to hide 
skin imperfections and surgical scars. Tattoo needles, despite being in direct contact with human tissues and 
even with blood, are not subject to current Medical Device Regulation, so they do not require a number of 
material and biocompatibility tests in order to be placed on the market. The focus of our research was on how 
the needle and the soldering of the needles are damaged during tattooing, and how this develops over time, 
as a worn needle tip can not only degrade the quality of the tattoo, but also increase skin breakdown and the 
amount of dissolving allergenic substances. 

Keywords: tattoo needle, damage, needle wear.

1. Introduction
Tattoos are created by piercing tiny needles at 

a frequency of 50–3000 Hz into the skin. The nee-
dles then break through the surface of the skin 
and introduce the dye into the skin’s dermis layer 
(min. 1.2 mm deep). The tattoo dye is perceived by 
the skin as a foreign substance and initiates mac-
rophage cells to destroy the dye, however, after 
ingestion of the dye, the cells get stuck with the 
dye in the skin matrix. After 2–3 weeks of creat-
ing the tattoo, the colours fade, as the tattoo also 
gets dye in the upper epidermis, which wears out 
over time as the cells die and regenerate. Over the 
years, the tattoo also fades as the dye in the skin 
is gradually broken down by the immune system 
[1–3].

1.1. Needle tip damage
Needle tip destruction is typically studied in 

medical applications such as injection needles or 
thicker needles used in epidural anaesthesia. The 
tip of the spinal needle is often damaged during 
the latter, especially when the spinal cord punc-
ture needs to be repeated several times into the 
bone or cartilage due to failure, so it is of primary 

interest for us to examine these. [4–6]. Because 
these are all disposable needles, they remain 
intact or slightly deformed after a puncture. In 
clinical practice, some research groups examined 
Quincke-type needles used for epidural anaes-
thesia and found that four percent of the needle 
tips were clearly bent and 11 % were slightly bent 
based on scanning electron micrographs. Needles 
in contact with the bone caused clear tip damage 
in 7 %, and 99 % of the needles remained intact 
or slightly bent in the case of penetration without 
bone contact. In conclusion, the tips of disposable 
needles are suffer more damage in contact with 
hard tissue (bone) than after penetration into soft 
tissue [4, 7].

Like injection needles, thin tattoo needles suffer 
small but permanent damage after contact with 
the skin. The longer a needle used, the more the 
tip becomes blunted, which causes more pain 
during use, and bacteria are better able to adhere 
to surface damage, which also increases the risk 
of infection [8–10]. The study of this destruction is 
worth a closer look, as it can also cause unwanted 
damage to the skin surface, and the tattooing pro-
cess can be more painful. The dullness of the nee-
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Figure 3. Tattoo needle arrangements. From left to 
right: round, flat and magnum layout.

dle tips also leads to a deterioration in the quality 
of the tattoo, so it should be replaced consistently, 
over a period of time or after the tattooed surface. 
To avoid this, we aimed to examine how long gen-
erally – or after a tattoo -  it is advisable to replace 
the needle tip so that maximum utilization is 
achieved. Of course, at the beginning of each new 
tattoo, the artist must use a new, sterile needle, 
for hygiene reasons.

2. Methods

2.1. In vivo damaged needles
To examine the needle tips, we used 13 round 

arranged tattoo needles pierced in areas of  
30–100 mm2. each needle was used to make a tat-
too using the handpoke (freehand tattoo) meth-
od, meaning that the needles were not moved by 
machine, but were inserted into the skin by hand. 
After use, the dried paint and impurities were re-
moved with an ultrasonic vibrator, ethyl alcohol, 
and acetone, but still remained in the wells. In 
addition, 2 unopened, sterile needles were exam-
ined as a reference. These needles are individu-
ally soldered in different numbers, there are also 
3-5-9 pieced ones in three different arrangements  
(Figure 3.). After cleaning, the needles were ex-
amined by stereo microscopy, and then scanning 
electron microscopy (seM) images of the tips and 
soldering were taken to see how much they had 
cracked during use.

2.2. Modeling the tattooing process in an in 
vitro environment

As it is difficult to determine the period of use 
and the compressive force of hand-used nee-
dles, it was advisable to devise a standardized 
measurement method to set the wear time of the 
needles. For the first experiment, we handmade 
samples on the so-called training skin used by 
tattooists, and then in order to make the abra-
sion process as even as possible per unit of time 
and for easier feasibility, we mounted a two-roll 
tattoo device from the brand Horizon to a Yama-
ha LCM100 linearly controlled robot in the BMe 
ATT laboratory (Figure 4.). The manual tattooing 
process was performed for 30 min and the auto-
mated process for 30, 60, and 90 min. The power 
supply was set to a specific frequency, to a val-
ue between 50 and 60 Hz determined from high-
speed camera recording. This represents about 
a hundred thousand insertions of with a needle 
that has been running for 30 minutes.

Figure 1. Tattooing process.

Figure 2. Abrasion of needle tips used for epidural 
anesthesia [4].
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3. Results

3.1. In vivo damaged needles
scanning electron microscopy (zeiss evO MA10) 

images provide the most information on needle 
tip destruction and detachment rates. strong 
wear of the needle tips was observed in the sam-
ples, the tips of almost all members of the needle 
group were plastically deformed (Figures 5–7.).

Material composition analysis was also per-
formed by energy dispersive X-ray spectrometry 
(eDAX Metek elect Plus). As a result of the study, 
it was found that the material of the needles is not 
made of 316L commercially marked austenitic  
stainless steel, but of a more general, not very 
biocompatible alloy, 1.4301 steel. The stress of 
stabbing the skin is abrasive, the wear properties 
of these steel types are not outstanding [11, 12]. 
Poor wear resistance in medical devices is unfa-
vourable, as particles detached during the wear 
process can cause irritation if they enter the body, 
especially the two main alloys of the steel type: 
chromium and nickel [13].

3.2. In vitro experiments
At lower magnification stereo and electron mi-

croscopy images, there is almost no damage to 
the needle ends. Even at higher magnification, 
the needles on the training skin showed dulling 
only on the needle tips used by hand, and with the 
result shown in Figure 8, no significant damage 
could be observed on the needles used with the 

Figure 5. Damage on the soldering of the needle 
groups in in vivo case.

Figure 6. Significant wear was observed in almost all 
of the needle groups in the in vivo case.

Figure 4. Equipment used for the automation of the tattooing process.
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linear welding robot, regardless of the duration 
of the run (Figure 9.). The training skin is made 
of silicone and is much softer to the touch than 
real skin, which may have caused the results of 
real-world tests to differ from those seen in vitro. 
During the automated tattooing process, howev-
er, the soldering of the needles was significant-
ly damaged because the surface of the silicone 
training skin was easily torn and the needle tips 
became stuck in it more easily during movement.

4. Conclusions
Our studies have confirmed that the tip of tat-

too needles as well as the soldering of the needles 
suffer significant damage even after short-term 
use. We have found that the properties of the so-
called training skin recommended for tattoo art-
ists differ significantly from the properties of real 
skin, so it is not applicable in laboratory testing 

Figure 8. In vitro needle damage in case of hand-
made process.

Figure 9. In vitro needle damage in the case of an au-
tomated tattoo process on training skin.

Figure 7. Electron micrograph of a worn needle tip at 
higher magnification.

for damage to tattoo needles. As a continuation 
of our research, we would perform the method 
presented here on pigskin to explore the process 
of needle wear in more detail as a function of the 
time elapsed with the tattoo.
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Abstract
In this research the effect of the active screen’s material was investigated. 42crMo4 steel was plasma nitrided  
with unalloyed steel, titanium and nickel active screen at 490 and 510 °c for 4h in 75 % n2 + 25 % H2 gas mix-
ture. scanning electron microscopy (seM), energy dispersive spectrometry (eDs) and X-ray photoelectron 
spectroscopy (XPs) were used for the characterisation of the surface properties. Iron-nitride was not formed 
on the surface with nickel screen. The evaluation of examination results showed that most of the detected 
nitrogen was molecular (n2) in the formed layer. 

Keywords: active screen plasma nitriding, X-ray photoelectron spectroscopy.

1. Introduction 
The nitriding is a type of thermochemical sur-

face treatment in which a hard, wear resistant 
surface layer can be formed by diffusing nitrogen  
into the surface which forms nitride with the  
atoms of the material. nitrogen, as an interstitial 
alloy, dissolves in solid solutions of iron and can 
react and form compounds with certain alloys and 
constituents of steel [1, 2]. The vibratory motion 
is increased with the increasing of the nitriding  
temperature, which allows the diffusion of the 
nitrogen atoms into the lattice of iron. After the 
saturation of the solid solution, the nitrogen can 
create a compound with the iron atoms, which  
forms a continuous layer with higher hardness 
than the dissolved nitrogen in the solid solution  
[3, 4].

The plasma nitriding, also called ion-nitriding, 
was introduced in the 1920s as a surface treat-
ment. As soon as the gas ionization begins, the 
ions start to bombard the surface, which also 
called vaporization, because the precipitation of 
ions from the metal surface can rip off the atoms 
and contaminations. After the bombarding, which  
also serves the cleaning of the surface, the acce- 

lerated nitrogen ions heat the workpiece to the 
nitriding temperature with the controlling of the 
voltage, then the diffusion of nitrogens into the 
material and formation of nitrides starts [5–8]. 
[5–8]. Three different types of plasma nitriding 
exist: DcPn – direct current plasma nitriding, 
AsPn –active screen plasma nitriding and AsbPn 
– active screen biased plasma nitriding. The AsPn 
was developed to avoid the shortcomings (hollow 
cathode effect, corner effect) of the other method 
[9–11]. 

In AsPn treatment, the plasma is not created 
on the workpiece, but on a screen (often called 
as a cage) placed around the workpiece. As a re-
sult, at first, the active screen is bombarded by 
the ionized atoms and their associated positive-
ly charged ions. The sputtered iron-ions connect 
to the nitrogen-ions in the plasma through the 
screen. From these nitride particles, some of them 
can be deposited on the surface of the screen, but 
others due to the surface structure of the screen 
pass through and adsorb on the sample which is 
heated by the radiation and the gas inlet and con-
tinuous plasma flow maintained by the vacuum 
pump [11–13].

https://doi.org/10.33923/amt-2020-01-04
https://doi.org/10.33924/amt-2020-01-04
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The active screen is characterized by the surface 
structure, the distance from the sample and the 
material, but in this paper, we will present only 
the effect of the material. naeem [14] used aus-
tenitic stainless steel screen in his research. It 
was stated from the chemical composition anal-
ysis that nickel and chromium were found on the 
treated sample, which was caused by the deposi-
tion of the bombarded active screen. yazdani et al. 
[15] nitride aluminium samples with unalloyed  
steel screen at 550 °c, with 75 % n2 + 25 % H2 gas 
mixture for different time lenghts. Fe3n layer was 
created on the samples which was formed from 
the sputtered iron of the screen combined with 
nitrogen.

Researchers not only pay attention to the plas-
ma nitriding of metals but also for polymers. 
Polypropylene was nitrided between 5–15 mins 
to investigate how the process changes the adhe-
sion properties of the surface. It can be observed 
that after this little time, Fe could deposit on the 
surface, which came from the active screen [16]. 

In this study tempered steel was nitrided by un-
alloyed steel, titanium and nickel coated active 
screen to investigate how the screen material af-
fects the formation of the nitride layer and what 
bond can be made with the material of the sample.

2. Experimental details 

2.1. Materials  
42crMo4 and Ti-6Al-4v eLI was used as a ma-

terial which were cut into disks with a 20 mm  
diameter. The thickness of the samples was 6 mm. 
The tempered steel was put into the furnace in 
tempered condition. All samples were ground 
on P80 to P2500 sic particle size papers and then 
polished by a 3 μm diamond suspension. Before 
the nitriding, it was degreased in an ultrasonic vi-
brated ethanol bath. 

The materials and dimensions of the active 
screen are seen in Table 1. The samples were 
placed in the centre of the screen. The screens 

were made by laser cutting. The nickel coating 
was electroplated in ~70 μm thickness. 

2.2. Nitriding parameters
The plasma nitriding treatment was made 

in self-designed plasma nitriding equipment. 
The samples were nitrided at 490 °c with un- 
alloyed steel and titanium screen, for 4 hours with  
75 % n2 + 25 % H2 gas mixture. The nickel coated 
sample was nitrided for 4 hours at 510 °c with the 
same gas mixture 

2.3. Characterization methods
stereomicroscopic (Olympus szX16) images 

were taken from the upper surfaces of the nitrided  
samples. The microhardness of the layer was 
measured by a microhardness tester (buehler  
IndentaMet 1105). For the eDs measurement 
zeiss evO MA10 electron microscope with eDAX 
z2 detector, for the XPs Phoibos 100 McD-5 detec-
tor were used.

3. Plasma nitriding
The first experiments were made on titanium to 

analyse the increase of the corrosion resistance, 
but it was observed that the sputtered particles 
from the screen were deposited on the surface. 
After this observation, the investigation of the  
effect of the screen material was started.

3.1. Plasma nitriding of titanium with differ-
ent active screens 

before and after the nitriding, mass measure-
ments were performed on the specimen, which 
results are shown in Table 2.  

The mass increase was not observed after the ni-
triding with titanium screen, but it was increased 
with steel screen. 

Figure 1 shows the surface after the nitriding.
As can be seen in Figure 1, the surface of the 

sample, which was nitrided with steel screen, was 
matt while the scratches of surface preparation 
were observed and the light was refracted dif-  
ferently by the optically active layer of the surface 
in the sample which was treated with titanium 
screen.  It was clear that the golden yellow col-
our is a characteristic of Tin [17] was not formed 

Table 1. Materials and dimensions of the active screen

Material Diameter
(mm)

Hole size 
 (mm)

Dc01 100 5

Ti 1 100 18

Ti 2 55 6

ni 100 5

Table 2. Masses of titanium samples which were 
nitrided with different active screens

Sample mst. (g) mend. (g) Δm (g)

steel screen 8.4130 8.4146 0.0016

Titanium screen 8.3364 8.3365 0.0001
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which suggested that this type of nitride did not 
form on the surface. 

The hardness of the titanium sample was 
332 Hv0.01±25. With steel screen, the hardness 

was 661 Hv0.01±32 which is two times higher 
than the base hardness, while the hardness was 
changed to 436±14 Hv0.01 after the nitriding with 
titanium screen. The titanium-nitrides can reach 
up to 1400 Hv hardness [18]. According to this, 
the compound layer was not formed, or it was so 
thin that the diamond head could pass over the 
entire layer. 

Figure 2 shows the cross-section images of the 
samples. 

It can be seen in the optical microscope images 
that the compound layer was not created on the 
surface. The microstructure of the samples was 
different near the edges and in the middle of 
the surface. based on the hardness testing of the 
cross-section, the hardness was decreasing to the 
base hardness through 0.1 mm, which proves with 
the previous observations that the nitrogen could 
diffuse into the material. Table 3 shows the the 
chemical composition of the surface measured 
with eDs.

It is seen that the titanium content of the sur-
face was decreased compared to the base titani-
um content and iron appeared in a large amount 
with steel screen. On the samples, which treated 
with titanium screen, the titanium content was in-
creased, but the content of the other elements was 
not changed significantly. Nitrogen appeared in 
both cases. These proved that the sputtered parti-
cles from the screen could deposit on the surface; 
moreover, it could cover the surface of the sam-
ples. 

3.2. Plasma nitriding of tempered steel with 
titanium active screen 

In the previous experiments, Tin was not cre-
ated on the surface, but the sputtered particles 
from the surface deposited on the sample; there-
fore, 42crMo4 was nitrided with a smaller screen. 
The sample was marked to AsPn Ti. 

The results of the mass measurements are seen 
in Table 4. 

The mass increase in this case, same as before, 
was significant, but the hardness was not in-
creased. The hardness of the sample remained 
within the range of the deviation, 320±20Hv0.01. 
The compound layer also did not form on the sur-
face.

After the nitriding, different tones of colours 
were observed on the surface, which is seen in 

Figure 1. Stereomicroscopic images of titanium  
samples surface which was nitrided with 
different screens.

Figure 2. Optical microscopic images of cross- 
sections of nitrided titanium samples which 
was nitrided with different screens.

Table 3. Chemical composition of the samples with 
EDS analysis which was nitrided with differ-
ent screens

Element 
(%)

Base
material With steel 

screen
With Ti 
screen

Ti 83.18 11.19 85.21

Al 6.10 0.18 6.72

v 4.33 0.91 3.77

O 6.15 7.34 1.14

si 0.24 – –

n – 7.40 3.16

Fe – 72.98 –
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Figure 3. between these colours, the golden yel-
low appeared near the edges, and because of this 
eDs analysis was performed at different points. 
Table  5 shows the results of the measurements.

It can be observed that titanium was deposited 
from the surface to the sample, but the expect-
ed Tin was not formed near the edges because 
in this point the iron content was higher than in 
the middle; moreover, the nitrogen content was 
decreased too. XPs analysis was performed for a 
more accurate determination [19, 20] which re-
sults are seen in Table 6. 

The formed layer on the surface completely cov-
ers the base material, because iron, molybdenum 
and chromium were not seen in the spectrum. The 
formed layer contained titanium and nitrogen, 
but these elements were not bound. The different 
colours of the sample referred to the creation of 
titanium-oxide, but based on the measurements 
(however the formed bonds were closer to TiO2 
than the Tin) it cannot be stated that the surface 
was covered only with a titanium-oxide layer.  It 
is most likely that a TinxOy layer was formed on 
the surface; its thickness and composition was 
varied depending on the location.

3.3. Plasma nitriding of tempered steel with 
nickel coated active screen

The base material of the active screen was unal-
loyed steel, which was galvanized with nickel in 
70 μm thickness. 

After the nitriding, the surface was given uni-
form grey colour (Figure 4.) in which the scratch 
of the polishing can be seen; it means that the 
compound layer also was not formed on the sur-
face. 

Figure 3. 42CrMo4 sample was nitrided with a titani-
um screen. The lower picture shows the for-
med colour transition during the nitriding.

Table 4. Mass of the sample which was nitrided with 
titanium screen

Sample mst. (g) mend (g) Δm (g)

AsPn_Ti 12.5257 12.5267 0.0010

Table 5. Chemical composition of the samples with 
EDS analysis which was nitrided with titani-
um screen

Component 
(%)

Base ma-
terial

ASPN_Ti 
middle

ASPN_Ti 
edge

n – 7.46 4.86

O – 5.17 3.51

Al – 0.17 –

si 0.28 0.24 –

Ti – 5.98 3.37

cr 1.41 1.18 1.21

Fe 99.4 79.79 87.05

Mo 0.12 – –

Mn 0.74 – –

Table 6. Chemical composition of the steel sample 
with XPS analysis which was nitrided with 
titanium screen

Element Amount  (%)

c1s 74.88

n1s 2.22

O1s 16.06

Ti2p 4.24

ca2p 1.53

Mn2p 0.36

si2p 0.38

na1s 0.07

Figure 4. Stereomicroscopic image of 42CrMo4  
sample which was nitrided with nickel coa-
ted active screen.
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It can be seen in the optical microscopic image 
(Figure 5.) that the compound layer was not cre-
ated, which was proved by the hardness measure-
ment. Again, the hardness was not increased in 
this sample; the values were within the deviation  
420±45 Hv0,01. 

Further analysis was performed by XPs for 
that the upper 100 nm layer was vaporized; then 
the chemical composition was measured in this 
depth. Figure 6 shows its results.

As it is seen in this figure, the nitrogen has not 
created a bond with the iron, so iron-nitride did 
not appear – which verifies the previous sup-
positions. Most of the detected nitrogen (84 %) 
was molecular (n2) on the sputtered layer. In 
this depth, n-c were presented in a low amount 
(16 %), but it does not have a hardening effect to 
the surface.

4. Conclusion
The material of the active screen affects the 

surface properties of the nitrided sample during 
active screen plasma nitriding in the following 
ways:
 – no hardening effect occurs;
 – the compound layer does not form on the sur-
face, so iron-nitride was not created;

 – particles from the active screen were deposited 
on the sample. 

With nickel coated active screen plasma nitrid-
ing at 510 °c, for 4 hours with 75 % n2 + 25 % H2 
gas mixture only nickel from the surface of the 
screen has adhered to the sample surface at hun-
dreds of nm thickness, and iron nitride phases 
were not formed. This can even be considered as 
a new surface alloying process.
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Abstract
Four lattice structures based on well-known crystal structures were evaluated in this study using the finite 
element method. simple cubic, face-centered cubic, body-centered cubic, and diamond structural alignments 
were used to build up lattices from the body volume. Modern-day implant development trends are shift-
ing towards additive manufacturing technologies, which have the advantage of creating structures that can 
improve the biological stability of implants that have integrated scaffolds. such scaffolds can be trabecular 
structures that mimic bone tissue and facilitate tissue penetration into the porous parts of the implant. The 
final purpose of our study is to create an implant system that promotes the process of osseointegration. Eval-
uations have been carried out using finite element analysis. 

Keywords: closed cell structures, open cell structures, finite element analysis, crystal structures .

1. Introduction
In orthopaedic surgery, cellular lattices are used 

as three-dimensional porous bio-products that 
attempt to mimic the structure and behaviour 
of bone tissue [1]. Porous biomaterial, which 
must be designed to have the same mechanical 
properties as that of bone tissue, may be used as 
bone replacements. several other design factors 
that improve bone growth shall be considered 
as well. For example, permeability of the bone 
mimicking porous structure can affect cell mi-
gration [2]. several principles have emerged in 
the last two decades allowing design structures 
that could replace bone tissue. These principles 
consider both mechanical properties, biocompat-
ibility and bio functionality [3, 4]. In most stud-
ies, porous structures were made from titanium 
or titanium alloys, but titanium alloys are stiff-
er, and their mechanical properties outperform 
those of bone tissue [5]. Differences in mechan-
ical properties of bone and titanium alloys can 
block bone growth and can cause bone resorp-
tion, which may lead to implant loosening  [6, 7].  
Porous structures are created with additive man-

ufacturing technology, and their mechanical 
properties are closer to that of human bone [5, 
8, 9]. 

In recent years, additive manufacturing tech-
nology (which some literature sources call rapid 
prototyping or 3D printing) has become widely 
popular. Here, the final product is made up lay-
er-by-layer [10]. selective laser Melting (slM) 
has been successfully developed recently to 
process metal powders. The density of parts 
manufactured with slM can exceed 99 % [11].  
commercially pure titanium and titanium alloys 
are still generally used in medical implants to re-
place hard tissues and bone, because they have 
outstanding mechanical and biological prop-
erties  [12]. Implants are also made from other 
biocompatible materials such as co-cr alloy and 
stainless steel. comparing their elastic moduli 
with that of titanium alloys, one can see that the 
latter has a lower modulus of elasticity. However, 
elastic modulus of titanium is still much higher 
than that of human bone tissue [13]. Ahmadi et 
al studied six different lattice structures that had 
been manufactured with selective laser melting 
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(SLM) from Ti-6Al-4V ELI (Grade 23) powder. The 
types of studied lattice structures were simple 
cubic, diamond, truncated cube, truncated cuboc-
tahedron, rhombic dodecahedron, and rombicub-
octahedron. cylindrical test specimens were 
manufactured using these previously mentioned 
structures. Then, they were subjected to static 
compression testing [14]. chen et al studied open-
cell models with different porosities. During their 
investigation, they studied the differences in the 
geometry of the porous structures between cAD 
models and final 3D printed parts. For example, 
the cAD model with 80 % theoretical porosity was 
printed with only 71 % porosity in practice  [15].

2. Presentation of evaluated structures
The main purpose of this study was to create a 

porous scaffold that promotes and speeds up the 
osseointegration process at the bone-implant in-
terface after implant insertion. In our previous 
studies, we experimented with 20×20 mm cubes 
that had been designed based on existing crystal 
structures. In this study, we investigated the envi-
ronment of these small cubic structures by build-
ing up 60×60×60 mm cubes from them. 

2.1. Simple cubic structure
simple cubic structure was made up of  20×20×20 

mm cubes with cutout spheres located at the cor-
ner points. cutout sphere diameter was gradually 
increased in 0.1 mm increments. Figure 1 shows 
the phases of volume reduction. The lattice struc-
ture was designed as the negative of the crystal 
structure. The upper surface was left intact as a 
plane; no spheres were removed from there. Vol-
ume reduction was achieved by increasing cut-
out sphere diameter. For simple cubic structure, 
the closed-cell structure did not transform into 
an open-cell lattice. Thus, low volume reduction 
could be achieved in this case. 

2.2. Face-centered cubic structure
In face-centered cubic structure, cutout spheres 

were located at the cornerpoints and at the centre 
of each side of the cube. The upper surface was 
left intact as a plane; no spheres were removed 
from the cornerpoints. The porous structure was 
designed as the negative of the crystal structure. 
Figure 2 shows phases of volume reduction for 
face-centered cubic structure. For this structur-
al alignment, it was observed that an open-cell 
structure emerged. Thus, large volume reduction 
could be achieved. cutout sphere diameters were 
increased in 0.1 mm increments here as well. 

Figure 1. Simple cubic cell structure from the solid 
model.

Figure 2. Face-centered cubic structure from the solid 
model.

Figure 3. Body-centered cubic structure from the so-
lid body.

2.3. Body-centered cubic structure
In body-centered cubic structural alignment, 

cutout spheres were located at the cornerpoints 
and at the middle of the body diagonal of the  
20×20×20 mm cubes. For this solution, the upper 
surface was left planar as well, because no spheres 
were removed from those cornerpoints. The lattice 
was designed as the negative of the crystal struc-
ture. cutout sphere diameter was increased in 
0.1 mm increments here as well. Figure 3 shows 
phases of volume reduction for body-centered cu-
bic structure. It is notable here that the structure 
transformed into an open-cell scaffold. Thus, large 
volume reduction could be achieved. 
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2.4. Diamond structure
Diamond structure can be derived from 

face-centered cubic structure. This meant, cut-
out spheres were located at the cornerpoints, at 
each side of the small cubes, and at the mid-octan 
centres as well. The upper surface was left planar 
here also. Thus, spheres were not removed from 
one mid-octan centre and from the upper corner-
points of the cubes. cutout sphere diameter was 
increased by 0.1 mm also. Figure 4 shows phases 
of volume reduction for diamond structure. 

3. Results of finite element analysis
simulations were carried out using Ansys soft-

ware. For each of the above-mentioned struc-
tures, a 60 × 60 × 60 mm cube was created that con-
sisted of smaller, 20 × 20 × 20 mm cubes. Mechan-
ical loads were identical in all cases: the lower 
part of the cube was fixed, and 4500 N force was 
exerted on the upper planar surface. The acting 
force was evenly distributed, and a friction-free 
fix constraint was chosen. Stress intensity levels 
were analysed first, and can be seen in Figure 5 
on a representative meshed part.

We wanted to see how the small cube in the cen-
tre behaves with its entire environment. Thus, 
stress intensity levels were analysed in the cen-
tral small cube separately, too. One example is 
shown in Figure 6 with its meshing.

results of different structures were compared 
and then, stress intensity levels were compared 
in the entire body in order to find which structure 
provided the best results. 

3.1. Results of simple cubic structure  
modelling

199 simulations were conducted on the part 
with simple cubic structure. The smallest cutout 
sphere diameter was 0.1 mm, while the largest 
was 19.9 mm. Figure 7 shows measurement re-
sults. Maximum of equivalent stresses in the en-
tire body and that in the central area were quasi 
identical. The lowest possible cell volume ratio, 
which is the ratio between the volume of the giv-
en lattice structure and the volume of the solid 
starting body in the form of a percentage, was 
only around 57 %. Equivalent stress levels were 
minimal here. The simple cubic structure was 
only a closed-cell scaffold. 

Figure 5. Visualization of equivalent stress in the entire 
body.

Figure 4. Diamond structure from the solid body.

Figure 6. Visualization of equivalent stresses in the 
centric cube. 
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3.2. Results of face-centered cubic structure 
modelling

155 simulations were conducted for face-cen-
tered cubic structure. The smallest diameter was 
0.1 mm, while the diameter of the largest cutout 
sphere was 15.5 mm. Figure 8 shows equivalent 
stress maximum levels for the part with face-cen-
tered cubic structure. At the volume ratio of 32 %, 
equivalent stress was higher. At that point, the 
lattice transformed from closed-cell to open-cell 
structure. Volume could be reduced substantially 
for the lattice with face-centered cubic structure, 
and stress intensity levels were still acceptable at 
the cell volume ratio of 20 %.  

At te cell volume ratio of 32 %, the lattice tran-
sitioned from closed to open-cell configuration. 
Figure 9 shows the geometries of the closed and 
open-cell structures. 

Figure 7. Equivalent stress levels versus cell volume 
ratio in the parts with simple cubic lattice 
structure. 

Figure 8. Equivalent stress levels versus cell volume 
ratio in the parts with face-centered cubic 
lattice structure.

Figure 9. Closed and open-cell structural geometry 
with face-centered cubic configuration. 

3.3. Results of body-centered cubic structure 
modelling

199 simulations were conducted for body-cen-
tered cubic lattice structure with the smallest 
cutout sphere diameter of 0.1 mm. The largest 
removed spheres were 19.9 millimetres in diame-
ter. Figure 10 shows maximum equivalent stress 
levels for body-centered cubic lattice structure. 
Higher equivalent stress was measured at the 
volume ratio of 36 %.  Then stress levels started to 
decrease and then increased again. This was the 
point where the closed-cell lattice transformed 
into an open-cell structure. substantial volume 
reduction could be achieved for body-centered 
cubic structure, and equivalent stress levels were 
still considered particularly good at the cell vol-
ume ratio of 13 %.  

Figure 10. Equivalent stress levels versus cell volume 
ratio in the parts with body-centered cubic 
lattice structure.
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At the cell volume ratio of 36 %, the structure 
transitioned from closed to open-cell configura-
tion. Figure 11 shows the geometries of the closed 
and open-cell structures. 

3.4. Results of diamond structure modelling
132 simulations were conducted for diamond 

lattice structure with the smallest cutout sphere 
diameter of 0.1 mm. The largest removed spheres 
were 13.3 millimetres in diameter. Figure 12 
shows maximum equivalent stresses. stress lev-
els increased at the cell volume ratio of 63 %. It 
was the point when the closed-cell alignment 
transitioned into an open-cell one. There is anoth-
er increase at 57 %. Equivalent stress levels for 
diamond lattice structure were acceptable up to 
the cell volume ratio of 40 %.  

Figure 13 presents the geometric alignment of 
the closed and open-cell lattice structures. It is no-
table that this structure had more transition lev-
els compared to the previously mentioned ones. 

Figure 11. Closed and open-cell structural geometry 
with body-centered cubic configuration. 

Figure 12. Equivalent stress levels versus cell volume 
ratio in the parts with diamond lattice 
structure. 

Figure 13. Closed and open-cell structural geometry 
with diamond configuration. 

4. Conclusions 
Previously mentioned test results were collected 

in Figure 14. The diagram shows the sets of result 
points corresponding equivalent stress levels of 
the entire lattice for simple cubic, face-centered 
cubic, body-centered cubic, and diamond struc-
tures as a function of cell volume ratio. The least 
volume reduction could be achieved with the 
simple cubic structure type, so it is unimportant 
that stress results were low as well. This lattice 
remained a closed-cell structure “only”, which is 
why this solution can be considered irrelevant. 
Depending on the cell volume fraction, equiv-
alent stress levels were higher for the diamond 
lattice structure. Face-centered and body-cen-
tered cubic lattice structures provided almost 
identical results up until the volume fraction of 
35 %. Then, below this value, equivalent stress 
levels in the face-centered structure started to 
increase. Face-centered and body-centered cubic, 
and diamond structures could all contain closed 
and open-cell scaffolds. For all the three lattices, 
the transition from closed to open-cell structure 
was clearly noticeable. Increase in equivalent 
stress levels was well-defined, which was due to 
the reduced wall thicknesses in the solid models 
when structures transitioned from closed-cell to 
open-cell designs. 

In this study, different cell structures were inves-
tigated that conformed to the atomic alignment of 
cubic crystal lattice structures. Equivalent stress 
levels were investigated both in the entire lattice 
and in its central area. To summarize, body-cen-
tered cubic lattice structure provided the best re-
sults. calculations are going to be validated em-
pirically as well on additively manufactured test 
specimens 
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Abstract
This paper deals with the development of equipment that can accurately determine the magnetic proper-
ties of small volume thin plate samples. The alloys to be tested are sheets of amorphous structure, such as 
Finemet alloy, which has excellent high frequency magnetic properties, making it a good candidate for the 
construction of high efficiency electric motors. This article discusses the components and operation of the 
equipment under development, whilst giving a brief overview of the efficiency classification of electric mo-
tors and the importance of the emerging efficiency class. 

Keywords: amorphous, BH curve, magnetic measuring equipment, fluxgate sensor.

1. Introduction
This paper discusses the development of a 

magnetic tester that can accurately determine 
the magnetic properties of small volume thin 
plate samples. The alloys to be tested are plates 
of amorphous structure, such as Finemet alloy, 
which has excellent high-frequency magnetic 
properties. In [1] a 6-pole electric motor stator 
was made of amorphous material, achieving an 
efficiency of over 90 %. The use of amorphous ma-
terial in BLDC (brushless direct current) motors 
also shows advantageous properties, in [2] a 1 kW 
motor with a speed of 70,000 rpm was built using  
Metglas 2605 SA1 alloy. Tests have shown that 
the use of an amorphous material can reduce the 
heating of the electric motor. [3] gives a compre-
hensive review of the results of recent applica-
tions of amorphous materials in electric motors. 
A study of a two-pole, 1.2 kW motor revealed that 
when using amorphous materials, the loss is re-
duced by 1/5 [4].

The required minimum efficiency of an electric 
motor is the function of power, electric motors 
currently available on the market fall into the 
Ie1-Ie3 category. The european Union has is-
sued a regulation [5] on eco-design requirements 
for electric motors. The emergence of Ie4 class 

motors („Super premium efficiency”, defined in 
IeC 60034-30 and IeC 60034-331) requires new 
technologies and materials to reduce the various 
losses of electric motors.

In the manufacturing sector, electric motors ac-
count for an average 70 % of electricity consump-
tion [6]. It is clear that the goal is better energy 
efficiency, which means less environmental emis-
sions.

The use of amorphous materials requires that 
thin amorphous sheets having a thickness of 20-
40 µm be cut to the proper shape so that machin-
ing has the least possible effect on the amorphous 
structure as well as on the favourable magnetic 
properties. Cutting experiments [7] show that 
laser cutting with appropriate technological pa-
rameters produces a minimal heat affected zone. 
Thus, the amorphous material structure is dam-
aged only to the extent that it does not significant-
ly affect the magnetic properties.

This article describes the development of equip-
ment to measure the impact of different cutting 
technologies on the magnetic properties of a ma-
terial. Issues and solutions that arise during the 
development of the equipment and the measure-
ment process are presented along with the cir-
cuitry of the equipment.
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2. The structure of the equipment

2.1. Basis of the operation
The operation of the magnetic tester is based 

on the fact that when a material is placed in a DC 
magnetic field, it creates its own magnetic field 
under excitation. By measuring this, the hyster-
esis loop can be determined and the resulting 
values calculated (eg. coercive force, remnant 
magnetization, etc.). In order to excite the exam-
ination sample, the homogeneous magnetic field 
can be produced in various ways, for example by 
means of a Helmholtz coil or a solenoid. The mag-
netic testing apparatus disclosed herein uses a 
solenoid for this purpose, which creates a highly 
accurate magnetic field inside (in case of  suffi-
ciently accurate geometry) (Figure 1.).

The ferromagnetic pattern placed inside the so-
lenoid creates its own magnetic field under excita-
tion. This evolving magnetic field is also constant 
over time due to the excitation of DC current, so it 
is not suitable for measurement by a convention-
al measuring coil (based on the measurement of 
voltage induced by a variable magnetic field). In 
order to select the appropriate magnetic field sen-
sor, it is necessary to determine some of the char-
acteristics that form the basis of the specification.

Figure 2 shows how the sample is located inside 
the solenoid. The excitatory magnetic field gener-
ated by the solenoid produces a magnetic field in 
the sample which, due to the small volume of the 
sample, is orders of magnitude weaker than the 
excited magnetic field.

The essence of the measurement procedure 
is, therefore, to measure the magnetic field (B) 
formed by the excitation (magnetic field strength, 
H) produced with high precision by the solenoid. 
From this, the B-H curve can be drawn and mag-
netic properties calculated.

A block diagram of the magnetic tester is shown 
in Figure 3.  

The central control is carried out by a 16-bit PIC 
microcontroller that communicates with the coil 
drive circuit, enabling the digital setting of the 
output current. The sensor interface sub-circuit 
of the magnetometer performs signal condition-
ing and isolation, enabling high-resolution digiti-
zation. The device communicates with the control 
software developed for the PC via a digital inter-
face (USB - VCP).

2.2. Solenoid design
One of the main components of the device is a 

solenoid producing a homogeneous magnetic 
field. Within this, the resulting field strength is 
calculated using the following formula:

H = (N ∙ I) / L    (1)
in which

H – magnetic field strength, A/m;
N – solenoid number of turns;
I – current, A;
L – length of solenoid, m.

Figure 1. Magnetic field lines formed inside a solenoid.

Figure 3. Block diagram of the electronics of the  
magnetic tester.

Figure 2. Magnetic field of a sample placed inside a 
solenoid and the placement of a magnetom-
eter to measure it. [8]
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It can be seen that for a given geometry the field 
strength can be varied proportionally to the cur-
rent flowing in the coil in a linear relationship. 
For the sizing of the solenoid, other contexts were 
also used, such as Ohm’s Law.

Scaling is based on a few recorded data:
 – length of solenoid: 500 mm;
 – external diameter of solenoid core: 50 mm;
 – maximum field strength  (min.): 30 000 A/m.
From the initial data the following results were 

obtained:
 – solenoid No. of turns (by layer): 306;
 – number of layers: 6;
 – solenoid Ohmic resistance: 3.08 Ω;
 – maximum winding current: 10.3 A;
 – coil power dissipation: 332 W;
 – wire diameter: 1.6 mm.
The power dissipated by the solenoid is con-

verted into heat, which heats the wire, increasing 
its resistance. For accurate field strength adjust-
ment, the device is provided with a constant cur-
rent drive which drives a constant current across 
the coil regardless of the resistance of the coil. 
The design of the solenoid and the unit built are 
shown in Figure  4. 

2.3. Magnetic field sensor
A carefully selected sensor is required to detect 

the magnetic field of the excited sample. Figure 5 
compares the technology of some magnetometers 
based on measurement ranges.

Among the requirements for the sensor are the 
relatively low measurement range (±10 µT), the 
high degree of directional sensitivity and the abil-
ity to detect a constant (DC) magnetic field.

Fluxgate sensors are best suited to these re-
quirements.

The working principle of the fluxgate magneto-
meter is illustrated in Figure 6. The ferromagnet-
ic iron core of figure (a) is driven in saturation 
periodically by the drive (primary) coil in both 
positive and negative directions. The variation in 
flux density can be captured by the sensor (sec-
ondary) coil. In the presence of an external mag-
netic field, this signal becomes asymmetric, the 
strength of the magnetic field being proportional 
to the second harmonic of the signal, figure (b).

3. Component design
3.1. Coil Drive Electronics

The coil drive circuit is essentially a constant 
current driver and a double H bridge integrated 
together. In this way, the direction and magnitude 
of the current can be changed simultaneously.

Figure 4. The 3D model (left) of the solenoid and the 
manufactured solenoid (right).

Figure 5. Comparison of magnetic field sensor tech-
nologies  [9]

Figure 6. Operating principle of Fluxgate magneto- 
meter [10].

a)

b)
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The double H bridge allows the measuring range 
to be switched in addition to changing current 
direction, therefore larger and smaller volume 
samples can be accurently examined.

The photo of the completed electronics is shown 
in Figure 7 and Figure 8 shows the different lev-
els of design.

3.2. Power supply electronics
The power supply must produce several stabi-

lized voltage levels, including 5V for digital cir-
cuits, ± 12V for fluxgate sensors, 36V for solenoid 
drives. The schematic, the PCB design and the 3D 
model are shown in Figure 9. 

The power supply uses the voltage generated 
by a 230V / 36V toroidal transformer, therefore 
mains isolation is implemented and electrical 
safety is ensured. A photograph of the completed 

Figure 8. Manufactured and built-in coil drive electro-
nics.

Figure 7. Schematic diagram of coil drive electronics, 
PCB design and 3D model.

Figure 9. Power Supply schematic, PCB design, and 
3D model.

Figure 10. Power supply manufactured and installed.

power supply is shown in Figure 10. To handle 
the heat dissipation of the rectifying diode bridge, 
a heat sink is applied so that the heat is released 
outside of the enclosure. For accurate design, 
electrical and mechanical design have been per-
formed side by side.

3.3. Measurement controller and communi-
cation unit

A separate measurement control module has 
been developed to control the measurement pro-
cess, to digitize the analog signals and to transfer 
the measured values to a computer. At the heart 
of the system is a 16-bit PIC microcontroller, the 
dsPIC30F6014A-30 from Microchip. 

Figure 11 illustrates the circuit schematic, the 
PCB design and the 3D model of the unit. The unit 
is also equipped with a 4-line LCD to inform the 
user about the measurement process. Figure 12 
shows the unit assembled with the front panel 
with the connecting ribbon cables.

During the design of the measurement con-
trol unit, galvanic isolation of the USB port had 
to be ensured so that neither the computer nor 
the unit would be damaged by a hot-plug event 
or a ground loop. This was accomplished with a 
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6kV isolation voltage separator, interrupting the 
UART RX and TX lines.

USB communication is based on Virtual Serial 
Port (VCP) technology using an MCP 2200 inte-
grated circuit. It is powered by the voltage sup-
plied by the USB port of the PC and is therefore 
independent of the unit status

4. Conclusions
This article describes the design of magnetic 

testing equipment under development at the Uni-
versity of Dunaujvaros. The apparatus is capable 
of determining the B-H curve of small-volume fer-
romagnetic material samples using a homogene-
ous stationary magnetic field (H) produced inside 
a solenoid. A fluxgate sensor was used in order 
to measure the magnetic field (B) of the sample. 
The main units are solenoid, solenoid drive unit, 
central measurement control unit, power supply 
and PC side software. 

The development of the equipment is closely 
linked to research improving the efficiency of 
electric motors, which, inter alia, aims to reduce 
iron loss by using amorphous materials. The de-
velopment of precise molding/die-cutting tech-
nology for these materials is essential for their 
application in the construction of electric motors. 
The technological parameters of the cut must be 
determined in such a way as to minimize the de-
grades of the excellent magnetic properties of the 
raw material.
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Abstract
earing of deep drawn cups is an effective measure of plastic anisotropy. It is the result of crystallographic 
anisotropy, i.e. texture. There are several methods to predict earing, but all of these methods are rather com-
plex. Furthermore, above a certain sheet thickness, deep drawing cannot be performed, and prediction meth-
ods fail since they are usually valid within a certain sheet thickness range. A new, simple method has been 
proposed to predict earing. Besides simplicity, another major benefit of the method is that it can be applied 
to a wide range of sheet thicknesses. The method has been previously applied for unidirectionally rolled and 
recrystallized and cross-rolled Al sheets. In the present manuscript, the proposed method is applied on the 
Aw-5056 type, unidirectionally and cross-rolled, then annealed Al sheets having very weak (close to random) 
structure. It is shown that for such samples, the method predicts negligible earing. It is also revealed that for 
the 5056 type Al alloy, the differences in texture and earing between unidirectionally and cross-rolled sam-
ples become so small after annealing, that the benefit of cross rolling is negligible. 

Keywords: cross-rolling, earing, texture.

1. Introduction 
The term “cross-rolling” is used for several 

special types of rolling [1]. In this manuscript, 
cross-rolling refers to a modified version of con-
ventional “unidirectional rolling” during which 
the sheets are rotated by 90° about the normal 
direction (nD) between consecutive passes [2–5]. 
The result of such a process is a more random 
texture compared to unidirectional rolling with 
four-fold symmetry. li et al. obtained a higher ori-
entation scatter on the rolling plane of Mg sheets 
[2]. wronski et al. applied cross-rolling to low car-
bon steel and copper and established that the ani-
sotropy of plastic formability decreased in copper 
but increased in the steel  [3]. huh et al. achieved 
the suppression of cube texture formation in 5182 
type Al sheets which resulted in better formabil-
ity [4]. Tang et al. reported that on cross-rolled 

Az31 type magnesium sheets, negligible earing 
and increased ductility were obtained [5]. It can 
be concluded that in general, using cross-rolling, 
a more random texture and consequently, a more 
uniform plastic formability can be achieved. 

Deep drawing is a simple method to character-
ize the plastic anisotropy of rolled sheets. Besides 
this, several methods have been developed to 
predict earing. Fukui and kudo showed that ear-
ing can be predicted from the lankford number:  
Δr = (r0 + r90) / 2 − r45 [6]. Since then, reports have 
been published about mechanics based [7], crys-
tallography based [8, 9] and more sophisticated 
methods [10]. nowadays, earing is usually esti-
mated with finite element (FE) methods [11]. One 
drawback of the above prediction methods is that 
they are valid within given sheet thickness rang-
es. If sheet thickness is out of this range, the mod-
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el must be modified and validated. This becomes 
crucial if such sheet thickness is the target, where 
deep drawing cannot be carried out, thus, the 
method cannot be validated. A simple method has 
been published recently by the authors which is 
able to predict earing from {h00} pole figures  [12, 
13]. Besides simplicity, the developed method can 
be applied in a wide sheet thickness range, which 
makes it a generally applicable method. Further-
more, it can be used on pole figures obtained by 
eBSD, or by non-destructive (sample-cutting-free) 
texture measurement methods [14]. The method 
was successfully applied on unidirectionally cold 
rolled and subsequently annealed Al sheets show-
ing the following four-fold earing types: rolling, 
close to zero and recrystallized earing, at notably 
different sheet thicknesses (0,3–3 mm) [12]. ]. lat-
er, it was applied on cross-rolled Al sheets as well 
[13]. The present manuscript aims to further wid-
en the applicability of the developed earing pre-
diction method. now, the method is to be applied 
on unidirectionally (UD) and cross-rolled (cr) Al 
sheets which have been subsequently subjected 
to annealing heat treatments to obtain weak (al-
most random) recrystallization textures. 

2. Materials and Methods
Sheets of 5056 aluminum with initial thickness 

of 4 mm were unidirectionally- (UD) and cross-
rolled (cr) using a vonroll roll stand. except for 
the type of rolling (UD or cr), the applied parame-
ters were similar. Sheets were produced with both 
6 and 12 passes. Samples A1, A5, and A6 were UD 
rolled, while samples A3k, A4k, and A9k were cr 
rolled to ~1 mm in 6 passes.  Between consecutive 
passes, sample A4k was rotated around nD clock-
wise, while samples A3k and A9k were rotated 
back and forth. The height reduction of the first 
pass was 0.6 mm, and 0.5 mm for the subsequent 
passes. Sample A10 was UD rolled and sample 
A11k was cr rolled to ~1 mm in 12 passes. The 
height reduction for the first pass was 0.3 mm and 
0.25 for the following passes. Sample A11k was 
also rotated back and forth around nD [13]. The 
rolled sheets were heat treated in an air atmos-
phere furnace at 320°c for 2 hours to obtain a ful-
ly recrystallized structure. 

round samples with 30 mm diameter were cut 
out from the sheets for X-ray diffraction texture 
measurements. Texture examinations were car-
ried out using a Bruker D8 Advance X-ray dif-
fractometer with cu X-ray source equipped with 
an eulerian cradle. The applied tube voltage and 

current were 40 kv and 40 mA. {111}, {200}, and 
{220} pole figures were measured up to 75° tilting. 
Recalculated {200} pole figures were obtained 
with the software of the equipment, Texeval. Or-
thotropic deformation was applied for the recal-
culation of both UD and cr samples.

The used earing prediction method is de-
scribed in detail in a previous publication [12].  
In brief, the chI-cuts of the recalculated {200} 
pole figures were obtained. The {200} CHI-cuts 
were plotted for each PhI (sample rotation) angle. 
The method supposes that the intensity variation 
on the chI-cuts can be approximated with a sum 
of gaussian curves [15]. The CHI-cuts were fitted 
with gaussian curves. The net intensity (area) of 
each gaussian curve was determined and weight-
ed (multiplied) with the sine of the chI values 
of the peaks of the gaussian curves. Then, the 
weighted areas were summed to the given PhI 
angle. The summarized, weighted {200} intensi-
ty function versus PhI is the predicted relative 
cup height variation versus PhI. Predicted aver-
age earing was calculated as the ratio of average 
predicted ear height and average predicted cup 
height and divided by a scaling factor [12]. The 
determination of the scaling factor was based on 
comparison to experimental data described in 
detail in [13]. The scaling factors for UD and cr 
cases were 40 and 60, respectively.

3. Results

3.1. Results of 6 Pass Rolling
Figure 1 shows the recalculated {200} pole fig-

ures of the annealed UD and cr samples rolled in 
6 passes. On the pole figures, no intensity peaks 
are present. The rD is at 12’o clock in every case. 
Thus, it can be said that all the UD and cr samples 
show a close to random structure. 

In Figure 2 the predicted earing and predicted 
average earing of the annealed samples rolled 
in 6 passes are summarized. It can be seen that 
for all UD and cr samples, notable ears that are  
characteristic to rolling earing at rD + 45° + 
(n ∙ 90°) directions or ears typical to recrystallized 
earing at RD + (n ∙ 90°) directions (or any other 
directions) do not appear. The observed differ-
ences in cup height are very small, the intensity 
varies between 60 and 80 counts. Such differenc-
es are negligible. This is proved by the predicted 
average earing which is below 1. Thus, it can be 
said that all UD and cr samples show very weak 
earing. 
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3.2. Results of 12 Pass Rolling
In Figure 3 the recalculated {200} pole figures 

of the annealed UD and cr samples rolled in 12 
passes is presented. It is evident that the anneal-
ing heat treatment resulted a random structure in 
both UD and cr samples.

Figure 4 shows predicted earing and predicted 
average earing of the samples rolled in 12 passes. 
According to the figure, both UD and CR samples 
show weak earing. The predicted average earing 
is below 1. 

4. Conclusions
It was seen that no intensity peaks appeared on 

the {200} pole figures of UD and CR rolled and 
subsequently annealed Aw-5056 type Al sheets. 
Thus, a homogenous intensity distribution was 
present on the {200} pole figures (i.e., the rolling 
plane) of the examined samples. The developed 
earing prediction method is based on the inten-
sity distribution of the {h00} pole figures i.e., the 
{h00} intensity distribution on the rolling plane. It 
is shown that in such cases, when a homogenous 
{200} intensity distribution is present on the roll-
ing plane, very small cup height variations and 
weak average earing is obtained using the devel-
oped earing prediction method. It is also shown 
that for the Aw-5056 type Al alloy, the differences 
in texture and earing between UD and cr samples 
become so small after annealing, that the benefit 
of cross rolling is negligible.

Figure 1. Recalculated {200} pole figures of the an-
nealed samples rolled in 6 steps. (a) A1; (b) 
A3K; (c) A5; (d) A4K; (e) A6; (f) A9K.

a) b)

c) d)

e) f)

Figure 2. Predicted earing of the annealed samples rolled in 6 steps. (a) UD samples; (b) CR samp-
les; (c) predicted average earing of the UD samples, (d) CR samples.

a) b)

c) d)
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Figure 3. Recalculated {200} pole figures of the an-
nealed samples rolled in 12 steps. (a) A10; 
(b) A11K.

a) b)
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Abstract
In the present work the comparison of the effect of traditional, pulse and stress annealing is made by moni-
toring the important mechanical and magnetic properties of FInEMET type amorphous precursor alloy. The 
magnetic properties were determined from the shape of magnetization curve (coercive force, anisotropy) 
during various heat treatments and the mechanical properties were measured using brittleness test. The 
traditional heat treatments were performed in resistance furnace and the magnetic measurements were 
performed in astatic magnetometer. The pulse and stress annealing (as well as their combinations) were car-
ried out inside in the magnetometer. The temperature of pulse heat treatments is regulated with the length of 
current pulse flowing through the sample. After each pulses the magnetization curves were measured in-situ, 
in the magnetometer. 

Keywords: pulse heat treatment, FNEMET, amporphous, nano-crystalline, brittleness.

1. Introduction
In recent decades, Fe-based nanocrystalline al-

loys have become fundamental in the production 
of soft magnetic materials. The excellent proper-
ties are developed via thermal decomposition of 
the FInEMET (Fe73,5Si13,5b9nb3Cu1), amorphous 
precursor [1]. It is believed, that the nanome-
ter-size α-Fe (Si) ) grain structure plays a basic 
role in the development of the extra-ordinary 
properties [2]. The onset-temperature of amor-
phous-phase decomposition can be altered even 
in the same crystallization reaction, resulting 
in different size distribution [3]. The minimum 
grain-size is expected to be formed when the tem-
perature of crystallization is around the 0.5 times 
the melting point of the alloy in question [4]. The 
magnetic softness is reflected in the magnitude of 
coercivity which exhibits an inverse-like relation 
in several soft magnetic alloys of average grain 

size. However, this relation breaks down in the 
range of 100-1 nm grain diameters in FeSib-alloys. 
This exceptional behaviour is attributed to the 
coincidence between the magnetic correlation 
length and the grain diameters. The rapid drop is 
believed to be the consequence of an averaging of 
crystal anisotropy within the domain wall thick-
ness in these alloys [2]. This grain-size lowering 
is extremely sharp in the case of Fe(Sib) based 
glasses.

The phenomenon is attributed to the coinci-
dence between the magnetic correlation length 
and the average grain diameters causing the 
crystal anisotropy averaging over the dimension 
of the domain wall thickness (~100 nm in these 
alloys).

However the nanometer-sized grain dimen-
sion is not the only reason for the development 
of excellent magnetic softness. Only those of na-
no-crystalline alloys exhibit magnetic ultrasoft-
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ness, in which the nanograin system is developed 
from the glassy precursor via “primary reaction” 
[5]. This reaction is the first step during the amor-
phous phase decomposition of hypo-eutectic Fe-b 
glasses. Hence, this two-step mechanism can be 
regarded as the proto-type for the nano-crystal-
lization in FInEMET (Fe73,5Si13,5b9nb3Cu1) precur-
sors [6]. This transformation has been analysed in 
several references [7–9]. There is general agree-
ment concerning the importance of separation of 
the first and second steps of crystallization, be-
cause magnetically hard, inter-metallic particles 
precipitate during the second crystallization step, 
destroying the soft magnetic character of the al-
loy. This separation is enhanced by the addition of 
appropriate alloying elements into the precursor 
glass. The addition of the nucleating element (Cu) 
(enhancement the nucleation of α-Fe particles) 
has an outstanding significance from the point 
of view of ensuring homogeneous distribution of 
nuclei formation [10], but also contributes to sep-
aration of crystallization steps belonging to the 
α-Fe(Si) and Fe3b formation. The nb addition con-
tributes to the retardation of Fe3b precipitation 
(crystalline inter-metallic compound) avoiding 
the magnetic hardening[11]. The Si addition en-
sures the overall stabilization of the glassy state.

The temperature of α-Fe nucleation in hypo-eu-
tectic Fe-b glassy alloys is lowered by the Cu ad-
dition [12]. The essence is the “cathalytic” me- 
chanism of eutectoid type decomposition of the 
fcc environments being entrapped during liquid 
quenching [13]. The preferential solubility of Cu 
in fcc (γ) Fe environments, γ-Fe type symmetries 
are quenched into the amorphous matrix, which 
are inactive during the magnetization process, i.e. 
the domain wall displacement is hindered. As the 
temperature increases during heat treatment, the 
γ-centres decompose at first, via an eutectoidic 
mechanism, as the activation energy of Cu diffu-
sion is low [14, 15]. The outlined mechanism is 
also supported by the experiments [6]. Hence, it-
self this nucleation phenomenon also contributes 
to the suppression of coercivity prior to the devel-
opment of nanocrystalline structure [13]. 

The traditional nanocrystallizations are per-
formed by isothermal heat treatments at around 
540 °C, 1h, when the DO3 ordered phase is formed, 
which is α-Fe (Si) solid solution. The nb and b are 
enriched in the remaining amorphous phase.  
Recently, “pulse heat treatments” and stress  
annealing (annealing combined with longitudinal 
stress) [16] were also studied for tailoring the soft 
magnetic properties.

Though several outlined methods are applied 
even in the industrial praxis already, some details 
of the physical background of property tailoring 
is still open. Mainly the knowledge of atomic level 
mechanism of coercivity and brittleness evolu-
tion is insufficient during the various heat treat-
ment types. This topic is the focus of the present 
paper.

2. Experimental

2.1. Materials, heat treatments and measur-
ing methods

The well-known FInEMET alloys are applied in 
the experiments. The samples purchased were 10 
mm width, 30 μm thickness and length was set to 
100 mm with scissors. Impulse heating was per-
formed by alternating the current pulses with the 
peak current of approximately 10A, the frequen-
cy was set to 50Hz. Pulse duration was 0.08-0.12 
sec. Samples were heat treated with this method 
without applying forced air cooling. The estimat-
ed cooling rate was about 100 k/s and the thermal 
heating rate was about 1000 k/s. The magnetic 
measurements were performed in-situ during the 
heat treating process in an astatic magnetometer.  
The coercive force (Hc) was determined from the 
magnetization curves, which are plotted after 
each individual pulse.

In Figure 1 examples are shown for the time 
dependence of temperature caused by individual 
pulses of different length, representing different 
energies. The details of measurement and the 
evaluation of results are described in [16].

The relative strain at fracture (εf) is determined 
from simple bending test by bending the ribbons 
of thickness d between two parallel plates to a 
semicircle of radius r = D/2, where D denotes the 
distance between the two plates. At fracture, εf is 
evaluated from the expression εf = d / (D – d) de-
scribed in [17, 18].

Stress annealing was also applied using case ex-
ternal uniaxial stress (σ = 0, 2 and 4 MPa) com-
bining the traditional or pulse treatments with 
longitudinal stress during the time-period of sam-
ple heating. The longitudinal stress was applied 
to the weights placed on the samples inside in the 
magnetometer.
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3. Results and discussion

3.1. Temperature dependence of coercivity 
during isothermal heat treatments

The change of magnetic properties during amor-
phous nanocrystalline transformation are report-
ed in several papers [6, 18]. A typical trend is il-
lustrated in Figure 2, where the Hc of FInEMET 
samples are plotted versus the temperature of 
isothermal (1h) annealing. This result is regarded 
as reference tendency for the appreciation of the 
impact of pulse treatments.

The net Hc decrease originates from two, slight-
ly overlapping physical processes: In the low 
temperature range the Hc lowering arises solely 
from the structural relaxation (Tanneal < 350 °C), 
which consists of short range arrangement, con-
taining also bond reorientation between the fro-
zen contacting atoms, without long range diffu-
sion. More, than the 50 % of the total Hc decrease 
originates from this process. no trace of crystal 
nucleation is detected in this temperature range. 
beyond 400 °C the additional Hc decrease arises 
from crystal nucleation and growth of nano-crys-
tals. In this process diffusion over medium range 
order is also involved. 

The further decrease of Hc by nearly a magni-
tude treatment is typical in these alloys. Within 
this temperature interval nanometer-sized DO3 
type grain assembly is developed, which is Fe 
(Si) solid solution. This process is completed at 
around 540 °C. The Hc lowering in the early stage 
of crystallization is unexpected in the Fe-b alloys. 
Just the opposite tendency is experienced in the 
binary glasses [20]. The significant lowering is in-
terpreted by the enhanced elimination of γ-trap-
ping centers by the entrapped Cu-atoms via the 
eutectoidal reaction, so the mechanism of catalyt-
ic effect of Cu-atoms on the γ-center elimination 
is an eutectoidal reaction, starting from the fcc 
environments.

In Figure 3 the Hc evolution is depicted versus 
the increasing peak temperature for several in-
dependent series of pulses (see Figure 1.). It was 
detected that peak temperature depends predom-
inantly on the pulse length (Figure 1.), Conse-
quently, the highest Hc depression is expected at 
the highest peak temperature applied in the ex-
periments. At the 0.1 s pulse length, the peak tem-
perature is nearly 350 °C. The impact of a single 
pulse on Hc suppression is nearly the same as that 
for the 1h isothermal heat treatment at the same 
temperature, indicating that magnetic stress re-

Figure 1. The time dependencies of temperature using 
pulses of different length measured on sam-
ple FINEMET [16].

Figure 2. AThe change of Hc in FINEMET precursor 
versus the temperature of isothermal 1h 
heat treatments [19].

Figure 3. Correlation between coercivity and the  
maximum temperature attained by different 
pulse number and pulse length. 
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laxation is an extremely rapid process, presuma-
bly of the non-diffusive nature of this relaxation 
mechanism.

This observation is also supported by the series 
of measurements, collected in Figure 4. Here, 
the Hc lowering is plotted for different (increas-
ing) pulse lengths (0.08 s, 0.10 s and 0,12 s). Again, 
these independent measurements were per-
formed in-situ in the magnetometer, subsequent-
ly the individual pulses. It is remarkable, that 
Hc decrease is negligible during the pulse series, 
except the first heat pulse. On the other hand, it 
is also clear, that peak temperature (or the mag-
nitude of activation energy) has a dominant role 
in the kinetics of Hc decrease. In the period of 
structural relaxation, the Hc decrease is coupled 
solely with short range atomic rearrangements 
within these – sterically independent – quenched-
in stress centres. As the peak temperature of puls-
es is high enough, the population density of these 
centres rapidly decreases.

3.2. Pulse heat treatments in external  
(axial) field

A longitudinal external field was also applied in 
order to study the interaction between the ther-
mal activation and the outer magnetic field in the 
evolution of coercivity during the series of indi-
vidual pulses. The easy direction of magnetiza-
tion in soft magnetic rapidly quenched ribbons is 
along the ribbon length. The direction of magnet-
ic field produced by the magnetometer is parallel 
with this easy direction of magnetization of the 
ribbon.

If the longitudinal magnetic field is applied dur-
ing the heat pulse, the slope of Hc curves increas-
es versus the pulse number, which means that 
longitudinal field (similarly to the traditional heat 
treatments) promotes the Hc decrease (see Fig-
ure 6.). In these experiments 0.08 s pulse length 
is applied. In such circumstances (≈240 °C peak 
temperature) grain nucleation and growth is ex-
cluded, only stress relaxation is the uncial mecha-
nism in the Hc lowering. The role of the longitudi-
nal field is similar at higher, 0.1 pulse length (see  
Figure 7.), but after successive 0.12 s pulses, the 
value of Hc is identical with that obtained after 
1h isothermal heat treatment at the appropriate 
temperature ≈ 400 °C (reaches the Hc measured in 
nano-crystalline state) (see Figure 6.).

Figure 4. Coercivity change versus the applied pulse 
number in the case of different pulse length 
(peak temperature).

Figure 6. The influence of field strength on Hc during 
the series of 0.12 s length pulses.

Figure 5. The role of 1000 A/m field on Hc evolution 
during the series of 0.08 s length pulses.
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3.3. Pulse heat treatments in axial field and 
load

From a thermodynamic point of view the metal-
lic glasses are a single phase homogeneous con-
tinuum. In spite of this, many physical properties 
do exhibit significant macroscopic anisotropy 
(difference in mechanical properties in longitudi-
nal and rectangular direction, or the difference in 
the mechanical response to the hydrogen absorp-
tion at the opposite side of ribbon surfaces).

Such effects hint at the difference between the 
local cooling rate on the opposite side of ribbons. 
One can suppose a coupling between the local 
cooling rate, the population density and distribu-
tion of the quenched-in stress centres, which can 
be coupled with the stress sensitive properties 
like Hc or even the quenched-in anisotropy. Such 
tendencies can be recognized in the Figure 7, 
where the coercive force is monitored during the 
series of pulse annealing of FInEMET alloys.

The measurement was carried out also in a lon-
gitudinal magnetic field and under longitudinal 
mechanical stress. As Figure 7 shows, the Hc of 
quenched ribbons (0 pulse) slightly decreases, 
when longitudinal field or stress was applied dur-
ing the measurements due to the small positive 
magnetostriction of this alloy. The role of longi-
tudinal field and load is obvious: It is remarka-
ble, that Hc breaks down due to the applied load 
already after the first impulse (peak temperature 
≈330 °C, 0.1 s pulse length) approaches the value 
of completely nano-crystallized structure in spite 
of the obvious absence of nano-crystalline struc-
ture at this temperature.

3.4. The origin and evolution of brittleness 
of glassy alloys

Several atomic level mechanisms do contribute 
to the evolution of brittleness in metallic glasses. 
The significant brittleness difference between 
metallic glasses originates partially from the 
different composition or from the various ther-
mal history [21]. The brittleness of Fe-based as 
quenched glasses arise dominantly from the met-
alloid contents which ensures simultaneously the 
sufficient glass forming ability (mainly the B, P 
and Si content). Hence, the ductility or the degree 
of brittleness [18] is mainly composition specific 
in transition metal-metalloid based glasses, i.e. no 
direct relation exists between the crystal nuclei 
formation and the brittleness evolution. A typical 
example is the Fe100-xbx binary system. When 
the hypo- and hyper-eutectic glasses (low and 
high b-content) are compared, the hyper-eutectic 
glasses are less flexible (more brittle) in spite of 
the perfectly X-ray amorphous nature of ribbons. 
The reason is the increasing covalent bonding 
character with the increasing b-content in the hy-
per-eutectic region of Fe100-xbx glasses. In gen-
eral, the tendency of brittleness is in direct corre-
lation with the hardness (Hv) of the as quenched 
Fe-b samples [21]. Increasing brittleness is also 
experienced at the crystallization onset, being 
also supported by the high resolution diffraction 
techniques.

The theoretical treatment of brittleness evolu-
tion is based on the free volume theory of glass 
formation [22, 23]. The macroscopic shear vis-
cosity is supposed to describe the connection be-
tween the shear viscosity η (T) and the average 
free volume ν per atom. ΔGm is the activation en-
ergy of displacement, ν* the critical free volume 
fluctuation, γ a geometrical factor between 0.5 
and 1, and C is a constant:

 (1)

This macroscopic tendency of viscosity change is 
considered as the phenomenological background 
for the evolution of brittleness in the rapidly 
quenched sample. According to [22, 23], there is a 
coupling between the kinetics of annealing out of 
the quenched-in free volume and the brittleness. 
The free volume is cooling rate dependent, result-
ing stress gradient across the sample thickness.

According to the outlined consideration, the 
evolution of brittle behaviour is the consequence 
of different rates of free volume annihilation  

Figure 7. The evaluation of Hc versus the series of iso-
therm pulses during the independent meas-
urements-longitudinal field and stress were 
also  applied.



Szabó A., Sánta R., Lovas A., Novák L. – Acta Materialia Transylvanica 3/1. (2020)48

between opposite surfaces, which also manifest-
ed in the spontaneous deformation of the samples 
during heat treatments.

In the case of the investigated FInEMET alloys 
the development of (magnetically and mechani-
cally) hard particles precipitates at high temper-
ature (Tanneal ≈ 600 °C) so this sudden increase of 
brittleness (see in Figure 8.) seems to arise from 
relaxation (Tanneal ≈ 330 °C). The outlined consider-
ations are experimentally supported by the Figu-
re 8. The change of brittleness versus the pulse 
number for various pulse length is illustrated in 
Figure 9. The series of 0.08 sec pulse length (max. 
peak temperature is around 240 °C) the flexibili-
ty of ribbons is sustained over the entire period 
of pulse series (20 pulses) i.e. no brittleness can 
be detected. In spite of this, significant Hc de-
crease occurs during the same circumstances (see 
Figure 5.). In contrast, when the pulse length is 
slightly increased (pulse length 0.09 s, with peak 

temperature of 292 °C) sudden breakdown of flex-
ibility is experienced even after the first pulse. As 
the pulse length approaches 0.1 s, the brittleness 
also approaches the values obtained after isother-
mal heat treatments. According to the Figures 8 
and 9 the temperature of heat treatment has a 
dominant role in the degree of brittleness, the 
duration of heat treatment has only secondary 
significance.

The degree of brittleness is generally lower in 
the case of pulse heat treatments (compare Figu-
re 8 and 9.).

4. Conclusions
The impact of traditional (isotherm) impulse 

and stress annealing was compared in the prop-
erty evaluation of FInEMET alloys. Pulse and 
stress annealing (as well as their combinations) 
were carried out inside in a magnetometer, 
where the magnetic measurements were car-
ried out after each pulses, in-situ. The tempera-
ture of pulse heat treatments was regulated with 
the length of current pulse. In the experiments a 
coercive force lowering and Hv increase can be 
detected already during the structural relaxation 
phase, however a more significant HV increase 
and Hc decrease is experienced only after partial 
crystallisation. During the research, the following 
conclusions were drawn:

Significant (more than 50 %) Hc lowering can 
be detected during structural relaxation (below 
300 °C) in FInEMET type precursor alloy, without 
the appearance of crystal nuclei formation.

The contribution of heat treatment temperature 
is predominant in the degree of Hc lowering and 
also in embrittlement evolution.

Solely short range atomic rearrangements are 
responsible in both of property changes.

The impact of longitudinal stress is similar to 
the effect of a longitudinal magnetic field during 
heat treatment, i.e. the decrease of coercive force 
(Hc) accelerates, when the annealing in magnetic 
field and external mechanical stress are simulta-
neously applied.
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Abstract
For evolving a surface layer on the X40crMov5-1 steel, a plasma-nitridation and PvD coating process was 
applied. In our experiments, the samples were heat-treated (high-temperature hardening, annealed three 
times) and surface treatments (plasma-nitridation, PvD coating by TiAlN, duplex surface treating by plasma 
nitridation and after that, PvD coating TiAlN). After the heat treatments, we performed hardness tests and 
surface abrasion wear tests. The abrasion wear resistance of the specimens was studied in order to under-
stand the heat treatment effects on abrasion behaviour. It was observed that the heat treatment and surface 
treatment process greatly influence the tool steel surface hardness and abrasion resistance behaviour. 
By plasma-nitridation the surface hardness doubled compared to the quenched surface hardness while the 
PVD coated TiAlN surface layer hardness is more than five times that of the hardened one. There was no rel-
evant difference between the PvD coated (TiAlN) surface hardness and the duplex surface-treated hardness. 
On the basis of the results of the comparative abrasive wear tests, it can be concluded that the duplex surface 
treatment resulted in the greatest wear resistance.. 

Keywords: tool steel, secondary hardening, austenitization, PVD coating, hardness, plasma nitriding.

1. Introduction
It is characteristic of hot-forming tool steels that 

they often have to meet opposing requirements at 
the same time, i.e. they have to function under the 
combined effect of different stresses. It follows 
that the main properties of the hot forming tool 
steels are hot strength, hardness, abrasion resist-
ance, toughness, annealing resistance, thermal 
fatigue resistance, hot workability and machina- 
bility. These properties can be achieved partly by 
alloying with different chemical elements and 
partly by applied special heat treatment tech-
nologies. Depending on their use, there are cas-
es where the toughness and abrasion resistance 
of the material are required at the same time. 
In such cases, surface treatments are used. The 

abrasion resistance, high strength and toughness 
can all be achieved at the same time by applying 
a thin wear-resistant layer on the surface of the 
material. This is possible in several ways.

The X40crMov5-1 steel belongs to the family of 
hot working tool steels which is known among 
tool makers as eN 1.2344 The material has a very 
good heat resistance and hot wear resistance  [1, 
2]. These steels retain their properties even when 
working at temperatures of up to 200 °c, due to 
the optimal heat treatment technology and the 
chemical composition of the material. An in-
crease in surface abrasion resistance is achieved 
by creating a thin abrasion-resistant layer  [3, 4]. 
This can be achieved by nitriding or/and coating 
on hot forming tool steels. 

https://doi.org/10.33923/amt-2020-01-09%0D
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Plasma nitriding technology was introduced in 
1920, but in industrial applications has been only 
used for the past 30 years. The plasma nitriding 
technology is a thermochemical surface treat-
ment process which is carried out at a temper-
ature of 350–600 °c. In front of the furnace wall 
serving as an anode, positive ions collide at high 
impact velocities with workpieces connected to 
the cathode. This ionic shower first produces a 
very intensive surface cleaning and then heats 
and nitrides the workpiece surface  [5]. 

Plasma nitridation can be performed in both Dc 
and pulsed plasma. Plasma nitridation takes place  
in a vacuum furnace (200 to 500 Pa pressure), in an 
ionized gas atmosphere (ammonia, nitrogen, meth-
ane or hydrogen), but gas mixtures are also used to 
form more abrasion resistant surface layers. 

The quality of the heat treatment is determined 
by the composition of the gas, the pressure, the 
temperature and the duration of the operation. 
The upper part of the nitride layer (up to 30 µm 
depending on the material) is hard and chemical-
ly stable, and below it is the diffusion zone with 
max. 1 mm thickness.

In the case of hot-forming tool steel, a surface 
hardness of 850–950 hv can be achieved up to a 
depth of 0.4 mm by plasma nitriding. The process 
improves the abrasion and sliding properties of 
the materials and creates a corrosion-resistant 
layer on the material surface. The dimension dis-
tortion is very small. Plasma nitriding is usually 
used as the final process in finished parts because 
after this treatment no machining is required.

The dimensions of nitrided workpieces increase 
by ~1 % of the bark thickness, which is an insig-
nificant change.  This procedure allows precise 
control of the process, fine-tuning of the micro-
structure of the nitride layer, and thus achieving 
the desired properties. PvD surface treatment is a 
physical vapour deposition in which the coating 
material is applied to the surface of the coating 
component in atomic, chemical compounds or 
ionic form. PvD processes take place at relatively 
low temperatures, which means that the process 
does not modify the tissue structure of the sub-
layer and there is no allotropic transformation so 
that the surface-treated tool does not suffer any 
dimensional changes. 

The PvD coating provides good sliding proper-
ties, high abrasion resistance and high hardness 
on the tool surface. The main purpose of the sur-
face treatments was to increase the wear resist-
ance of the tool. The abrasive wear is a complex 
system of microscopic interactions that occur be-

tween sliding surfaces. These interactions depend 
on the contact surfaces of the materials, on their 
physical, chemical, mechanical properties, of the 
geometry, and external conditions that affect the 
wear (e.g., temperature) [6–7]. 

Wear processes can only be investigated in a 
well-defined wear system, for comparison, meas-
ured results that have been determined in a sim-
ilar tribological system and where only the in-
vestigated parameter changes, other parameters 
are minimized [8–9]. Tool wear resistance is not 
easy to predict. hardness measurement is used 
in many places in the industry for this purpose, 
as there is some correlation between abrasion 
resistance and hardness. similarly, comparative 
experimental methods are widespread, e.g. ball 
/ flat abrasion test [10–12]. During our measure-
ments, we examined the wear resistance of the 
specimens with different heat treatment and sur-
face treatment by a comparative method and also 
compared their hardness values.

2. The experimental materials and 
technologies

The chemical composition of the tested  
X40crMov5-1 steel specimens is shown in Ta-
ble 1. 

Table 1. Chemical composition (%)

C Si Mn Cr Mo V

0.40 1.10 0.45 5.25 1.41 1.2

The austenitization of the samples was per-
formed in a vFc type 300×370×200 mm Ipsen vac-
uum furnace with two-stage heating (650 °c and 
850 °c, respectively) at 1050 °c. The cooling was 
performed with 6 bar nitrogen gas. The quench-
ing was followed by triple high-temperature tem-
pering (Figure 1.). 

Figure 1. Az X40CrMoV5-1 steel heat treatments  
diagram.
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Tempering was performed in a 300×370×350 mm 
Muehl furnace under argon gas each with two 
hours heating times.

After each quenching and tempering operation, 
vickers hardness measurements were performed 
according to standard practice [13–14]. This was 
done on a Buhler 1105 machine. After that, sam-
ples 2 and 4 were plasma nitrided. The cleaning 
was performed in a mixture of hydrogen (40 L/h), 
argon (5 L/h) and nitrogen (1 L/h) inert gas. After 
that, the specimens were plasma nitrided at 480 ° 
c for 24 hours in a mixture of hydrogen (120 L/h) 
and nitrogen (40 L/h) gas. After cooling, vickers 
hardness measurements were performed. sam-
ples 3 and 4 were subjected to a TiAlN PvD coat-
ing process, which was also followed by a vickers 
hardness test. The final test for all four specimens 
was the abrasive wear test. Ball wear equipment 
was used for wear testing (Figure 2.). Before the 
wear test, the roughness was measured using the 
roughness measuring equipment shown in Fig-
ure 3. The abrasion ball was a 20 mm diameter 
Al2O3-based ceramic ball with a polished surface. 
The abrasion factor (K) (1), which is calculated 
from the abrasion volume (Vv), the abrasion path 
length (S) and the load force (N), was used as the 
wear indicator.

 (1)

The abrasion volume is calculated from the di-
ameter of the abrasion trace (d) and the depth of 
the spherical bottle (h) (2):

 (2)

The depth of the abrasive sphere is calculated by 
a simple relationship between the radius R of the 
abrasion ball and the diameter of the abrasion 
imprint (d = 2R) (3).

 (3)

The wear path length (S) depends on the wear 
time (t), on the radius of the wear sphere and its 
speed (n) (4):

 (4)

To be comparable with the data in the literature, 
the speed was set at 570 rpm and the abrasion test 
time was 5 minutes.

Figure 3. Mahr roughness tester.

Figure 2. Ball wear equipment. 

3. Test results
In the delivery condition, the average hardness 

of the tool steel to be tested (X40crMov5-1) was 
215 hv.

3.1. Effects of the heat treatments (Table 2.)

After quenching from 1050 °c and three times 
tempering at 520 °c the hardness of the specimen 
was 549hv.  After plasma nitriding, the hardness 
of the specimens 2 and 4 was 1140 hv. sample 3, 
after the vacuum hardening was PvD coated with 
TiAlN coating and reached a surface hardness of 
2938hv. sample 4, after plasma nitriding, was 
PvD coated with TiAlN coating, so it was duplex 
surface treated and the result was a surface hard-
ness of 2539 hv.
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3.2. Effects of the heat treatments 
The abrasion factor calculated from roughness 

measurements and formula (1) is shown in the 
Table 3. 

After the wear abrasion test, the diameters of 
the worn craters were measured with an optical 
microscope type Neophot 2. (Figure 4.). 

4. Conclusions
The abrasion resistance results of the examined 

samples from material quality X40crMov5-1, 
treated with various heat treatments and surface 
treatments, are shown in Figure 5. 

Based on the results,  conclusions are as follows:
I. The TiAlN-based PvD coating showed the high-

est abrasion resistance based on experimental 
methods and parameters.

II. The hardness and wear factor of the test spec-
imen with a plasma nitrided or PvD coated 
surface also resulted in much more favourable 
properties than the surface with only a hard-
ened and tempered conventional heat treat-
ment.

III. Plasma nitrided and PvD coated surfaces, 
however, have a lower hardness than hard-
ened-welded and PvD coated surfaces resulting 
in better abrasion resistance. however, for this 
result to be accurately evaluated, it is important 
that the surface roughness of both specimens 
be identical.
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Figure 4. Wear imprint of sample nr. 3.

Table 2. The hardness after heat treatments

Sample Heat treatment
Coating 

thickness 
(µm)

Hardness 
(HV)

1 Quenched and 
tempered 0 549

2
Quenched, tem-
pered and plasma 
nitrided

0 1140

3
Quenched, tem-
pered and TiAlN 
coated

2.05 2938

4

Quenched, tem-
pered, plasma 
nitrided and 
TiAlN coated

1.93 2539

Table 3. Roughness and wear factor values

Sam-
ple Heat treatment Ra  

(µm)
Wear factor  
(mm3/(N·m))

1 Quenched and 
tempered 0.010 6.32×10–9

2
Quenched, tem-
pered and plas-
ma nitrided

0.057 1.95×10–9

3
Quenched, tem-
pered and TiAlN 
coated

0.233 8.46×10–10

4

Quenched, tem-
pered. plasma 
nitrided and 
TiAlN coated

0.177 7.57×10–10

Figure 5. Measurement results: Effect of heat treat-
ment and surface treatment technologies on 
the abrasion resistance of steel.
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Abstract
nowadays, quality development is a growing challenge, which places a heavy burden on economic operators, 
especially on smaller companies. ISD Dunaferr zrt is the largest steel company in Hungary with its annual 
steel production of about 2 million tons, but it is small on a global scale. Taking advantage of the opportuni-
ties, locating the hidden problems, qualitative development and productivity enhancement can be realized 
without major investment. This study points out the steel production and casting parameters that have the 
greatest impact on the quality of the hot rolled product (sheet and coil) and touches upon the effect of rolled 
product final thickness on the ratio of downgrading. As a result the examination of overheating shows cor-
relation with the ratio of downgrading, but the age of the mould does not. regarding the thickness of the 
rolled product, it can be stated that in the case of thicker products (above 9 mm) the ratio of downgrading 
increases. 

Keywords: steel, slab, coil, casting, quality.

1. Introduction
In September 2018, Dunaferr zrt’s continuous 

casting machine no. 1 was completely recon-
structed, the most significant step of which was 
the replacement and modernization of mould lev-
el control automatics.

Downgrading ratio of the hot rolled products 
made from slabs cast before and after the recon-
struction showed a clear improvement.

Further analyzing the data generated after the 
reconstruction (16,697 coils of 3,928 heats), we 
examined the relationship between various, pri-
marily steel production and casting parameters 
and the hot rolled product downgrading data.

ISD Dunaferr zrt’s Steelworks has two LD con-
verters (each with the capacity of 135 tons) and 
two vertically arranged continuous steel casters 
(2-2 strands). The raw steel is treated by a three-
stand ladle metallurgy station located between 
the converters and the casting machines, without 
the possibility of heating. The converters are sup-
plied with hot metal by two blast furnaces, with 
the total capacity of ~ 4000 m3.

After the oxygen blowing (in BOF), the liquid 
steel gradually cools down, until it solidifies in the 
casting machine. Without the possibility of heat-
ing, the treatments from BOF to mould are lim-
ited. The degree of cooling depends on multiple 
circumstances, for example the quality, type and 
quantity of alloying materials, the quantity of the 
flushing inert gas, but mainly on the thermal state 
of the ladle.

2. BOF, Ladle treatment station
In the liquid state of steel it is important to re-

duce the inclusion content. This can be achieved 
by removing active oxygen to intensify the diffu-
sion process (afterflushing in BOF), using a deoxi- 
dizing reagent of appropriate quality and quan-
tity (aluminium) and removing as much formed 
inclusion as possible with inert gas rinsing.

After the oxygen blowing, the oxygen content of 
the steel can reach 800–1000 ppm.

The following technical variables were analyzed 
during the study:
 – Amount of afterflushed inert gas (argon) in the 
BOF;

https://doi.org/10.33923/amt-2020-01-10
https://doi.org/10.33924/amt-2020-01-10
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Figure 1. Relationship between the ratio of downgra-
ding and the degree of overheating.

 – Amount of aluminum added for deoxidation 
broken down by type (solid “mokka”, loose 
“shredder”) [1];

 – The amount of Al wire used to set the final alu-
minum content at the ladle treatment station;

 – The amount of inert gas (argon) used to flush 
the steel in the ladle, broken down by source:
 – from the bottom of the ladle through porous 
plug, different intensity (lower argon);

 – from the top, through lance, to approx. 2 m 
below the surface, with high intensity (upper 
argon).

rolled product properties inherited from the 
liquid phase depend primarily on homogeneity, 
inclusion content and morphology, and chemical 
composition. These variables are reflected mainly 
in the mechanical properties (e.g. tensile strength, 
elongation). If the mechanical properties do not 
meet the quality requirements, the product 
would usually be reclassified and would not be 
downgraded. For this reason, the data of the BOF 
and ladle treatment station did not show any cor-
relation with downgrading data.

The product would be downgraded due to the 
inclusion content in the liquid steel only if the 
amount/morphology of inclusions in the sample 
taken in the vicinity of the intervention justifies it, or 
when it appears on the surface of the rolled product  
and thereby the mechanical surface analysis  
system (Cognex) or if the human eye can detect it.

3. Continuous casting machine
The casting processes, mainly that of the mould 

processes, play the greatest role in the formation 
of internal and external structure of cast slabs. [2-
4]. Examination of the data shows that the material  
is downgraded typically due to surface cracking  
and scaling. The formation of these errors is 

primarily the result of complex processes in the 
mould [5-7].

3.1. Tundish
The primary role of the tundish is to create a 

liquid steel buffer, which is essential for continu-
ous casting during the ladle change. The temper-
ature probe in the tundish provides data on the 
temperature of the steel entering the mould. The 
difference between the liquidus temperature cal-
culated from the steel composition and the actual 
measured temperature gives the degree of over-
heating of the liquid steel. Low overheating pos-
es technical risk, because cast steel may solidify 
before needed and there is no possibility of heat 
transmission outside the BOF. High overheating 
means casting safety, but a greater burden on the 
cooling system (mould, secondary cooling zones). 

The Al-O balance shifting during the cooling of 
steel triggers a fine inclusion precipitation, the 
higher the degree of cooling, the more significant 
inclusion precipitation is. In the mould, this phe-
nomenon intensifies as a result of intense, direct 
heat dissipation, and inclusions can more easily 
get close to the surface.

Figure 1 shows the relationship between down-
grading and the overheat in the tundish.

3.2. Mould
The mould makes an oscillating motion [8-10] to 

form a solid shell on liquid steel, which is capable 
of retaining the internal liquid portion against 
the ferrostatic pressure during its movement to-

Table 1. Ratio of the causes of downgrading

Cause of downgrading Ratio

Torn edge 0.00 %

Scale on the edge 0.20 %

Cracked on the edge 0.05 %

Scale on the surface 1.18 %

rupture on surface 0.11 %

Inclusion on the surface 0.27 %

Cracked on the surface 0.14 %

Based on an inclusion test 0.18 %

Total downgrading 2.11 %
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Figure 2. Relationship between downgrading and the 
age of the mould.

wards the lower zones. In the mould, heat is re-
moved through water-cooled, nickel-plated cop-
per sheets.

3.2.1. The age of the mould
The mould is subject to numerous mechanical 

effects during casting, which can cause uneven 
wear and tear on the inner surface of the mould, 
and these internal irregularities may affect the 
surface quality of cast slabs. Due to the feeding 
of the dummy bar from below before casting, me-
chanical wear occurs at the bottom of the cool-
ing plates. In the case of splashes of liquid steel, 
the steel droplets may fall into the surface of the 
cooling plates, which are removed by grinding in 
cold state. At the meniscus of the held steel level, 
traces of liquid steel and melting casting powder 
can be observed.

Contrary to the assumption, the values in Fig-
ure 2 do not show a significant correlation be-
tween the degree of downgrading and the age 
of the mould. Presumably because the solid and 
liquid steel directly touches the wall of the mould 
only on the short section, such a deep roughness 
cannot develop in this section, the depth of which 
would exceed the thickness of the layer burning 
down later in the reheating furnace.

3.2.2. Fluctuation of casting speed and steel 
level in the mould

The change in casting speed and the mould steel 
surface have a significant effect on both the inter-

nal and external properties of cast strand. [11-15] 
Examining these changes in terms of time and 
length did not produce significant results, which 
is presumably due to the fact that the strand 
sections burdened with major changes are cut 
off and subsequently not used. Thus they do not 
cause significant downgrading.

3.3. Secondary cooling zone
The role of the secondary cooling zones below 

the mould is the stable support of the strand 
and its further cooling until it solidifies in entire 
cross section. earlier observations suggested that 
casting problems (e.g. bearing breakage, roller 
bumps) occur quickly and visibly. They did not 
appear during the period under investigation, so 
their effects were not investigated.

The cooling strategy of the strand is determined 
first of all by the quality of the heat and the width 
of the strand (section size). The degree of over-
heating has an effect on the maximum casting 
speed of the strand, so that the appropriate heat 
dissipation can be achieved in order to solidify 
the entire cross section. [15]

Due to chemical similarity, only the section size 
affects the cooling strategy of the examined steel 
grades, therefore it has been investigated on this 
basis.

In Figure 3 the data show an extremely high 
ratio of downgrading at the widest section width.

The amount cast on B15 (1550 mm wide) section 
and the high ratio of downgraded material sub-

Figure 3. Relationship between the ratio of downgra-
ding to slab width.
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ject to regular inspections during the investigated 
period exclude that the problem arises from local 
nozzle failure, clogging. rather, it suggests that 
production parameters, which depend on the sec-
tion size in the production line (Casting Machine, 
Hot rolling Mill), is responsible for the phenom-
enon. Finding the exact reasons is beyond the 
scope of this study.

4. Hot rolling
In this study it is mainly the technological varia-

bles of steelworks that were analyzed. Hot rolling 
mill production properties were not subject to the 
study, but based on experience it seemed appro-
priate to examine the relationship between the 
thickness of the rolled product (degree of defor-
mation) and the downgrading. The thickness cat-
egories were selected according to the manufac-
turing technology of typical products.

According to conjecture, it can also be seen from 
the chart in Figure 4 that the degree of down-
grading in thicker product categories is signifi-
cantly higher.

5. Conclusions 
The tested properties of the BOF and ladle 

treatment station mainly affect the mechanical 
properties of the hot rolled product. In case of 
non-compliance, the product is usually reclassi-
fied to a different quality. Presumably for this rea-
son, investigations did not reveal any correlation 
with downgrading.

Figure 4. Relationship between downgrading and the 
final thickness of rolled flat product.

The examination of overheating shows corre-
lation with downgrading. In the lower tempera-
ture range (near the liquidus temperature), the 
steel solidification process can already start due 
to cooling in the casting chain. However, in the 
higher temperature range, the thermal burden of 
the mould increases, which will have a negative 
effect on the surface of the strand. Current cast-
ing with high overheating, mostly at 35–40 °C, is 
the consequence of the supply of raw materials 
and refractory materials from non-permanent 
suppliers. Due to the uncertainty, it is necessary 
to keep a constant supply of safety heat reserve. 
Supplying raw materials and refractory materials 
from continuous, steady sources can reduce tap-
ping and casting temperatures, leading to quality 
improvements and cost savings.

There was no correlation between the age of 
the mould and downgrading. This is presumably 
due to the short, direct contact of the molten steel 
with the mould wall, during which no such deep 
defect arising from the uneven surface of the 
mould can form that will not burn down in the 
reheating furnace.

Investigating the change in casting speed and 
mould steel level did not deliver any measurable 
results. This is primarily due to the fact that the 
strand segments affected by major changes are 
cut out and not rolled.

According to the data, the downgrading ratio of 
1550 mm wide (B15) slabs, which is significant-
ly higher than the others, is not a maintenance 
problem (e.g. nozzle clogging), instead it is caused 
by other cooling specifics depending on the sec-
tion size. Exploring the cause of the error affects 
complex review of the cooling strategy of both the 
continuous caster and the hot rolling mill.

regarding the thickness of the rolled product, it 
is clear regardless of the section size, that in the 
case of thicker products (above 9 mm) the degree 
of downgrading increases significantly. This leap 
in the case of products thicker than 12 mm can be 
partly explained by the fact that they can be sold 
only in coils. There is no possibility of cutting and 
thus a full coil is downgraded even in the case of 
partial problems. Figure 3. and 4. show that the 
largest portion of the thick product (above 9 mm) 
is produced on a B15 (1550 mm wide) section.

Based on the above data, it can be concluded 
that the effects of the section size and the thick-
ness of the rolled product add up, and the risk of 
downgrading significantly increases in case of 
thick, wide products.
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