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Abstract: The demand for high-strength steel welds, as observed in civil and transport engineering,
is related to a mass reduction in vehicles. Container-type trucks are examples of this kind of
transport means because their boxes are able to be produced using Hardox grade steels. Therefore,
this study reflects on the properties of welds in the MAG welding of Hardox 450, obtained through
an innovative micro-jet cooling process with helium. This joining technology aims to reduce the
formation of defects and to obtain a joint with very good assumed mechanical properties. Structural
components of grade steel require welds with acceptable mechanical parameters with respect to
operational loading conditions. That is, this study focuses on selecting welding parameters for the
Hardox 450 steel and determining the weld quality with respect to microstructural observations and
mechanical tests, such as the Charpy, tensile and fatigue tests. Weld fracturing under increasing
monotonic force was examined and was strongly related to both stress components, i.e., axial and
shear. The joint response under fatigue was expressed through differences in the fracture zones, i.e.,
at a stress value lower than the proportional limit, and weld degradation occurred in the shear and
axial stress components. The data indicate that the hourglass specimen, with the weld in the centre
zone of the measurement section, can be directly used to determine a weld response under cyclic
loading. The impact test results showed attractive behaviour in the tested joint, as represented by
47 ] at -20 °C. The recommended MAG welding parameters for Hardox 450 steel are low-oxygen
when using an Ar + 18% COz shielding mixture. The collected results can be directly used as a guide
to weld thin-walled structures (6 mm) made of Hardox grade steel, while the data from mechanical
tests can support the modelling, designing and manufacturing of components made from this kind
of steel grade.

Keywords: welding; micro-jet; Hardox; high-strength steel; joint; characterisation; parameters;
microstructure; fracturing; quality

1. Introduction

Modern structures and vehicles are used in a variety of areas of industry, e.g.,
automotive, civil and transport, to improve standards related to the daily functioning of
many communities [1-3]. This can be conducted through the application of new materials,
which offer attractive resistance to mechanical loading in response to operational
conditions, as compared to typical ones. In this case, a final product with different types
of bodies and special vehicle bodyworks were manufactured to cover container-type
truck boxes [4-8] or dumper truck boxes, as well as a dustcart. This was possible by
reducing the number of supports/components of the vehicle’s body [9,10] and by applying
high-strength steel, such as Hardox grade steel. This kind of material was also applied to
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the construction of concrete mixers. In this case, the application could be conducted using
Hardox 450 high-strength steel [11-14].

This material has also been classified as low-alloy wear resistant cast steel and is
therefore recommended for the following applications: Screen plates, lining, buckets,
cutting edges and hoppers [15]. This steel grade has also been used for the wear plate,
which ensures the maximum payload and a longer service life.[16].

In comparison to typical structural materials, the application of Hardox steel grade
enables a reduction in wall thickness of 35%. Using this approach, a mass reduction can
also be reached. Nevertheless, it is worth emphasising that a Hardox grade higher than
450 should not be applied in salt water due to the increased risk of hydrogen cracking
[17]. Generally, Hardox steel has the following advantages [18]:

. longer service life,

e made for the most challenging abrasive environments,
¢  high values of yield stress and ultimate tensile strength,
e reduced cost of production, maintenance and repairing,
e  high resistance to impact, and

e uncompromising through-thickness hardness.

These steels are difficult to weld [19,20] because cracks can occur in joints and in
certain other regions, leading to local fracturing and decohesion. The weldability tests
(Wegrzyn since 1999) for Hardox 450 steel enabled the classification of welding processes
regarding various oxygen levels and the collection of low-alloy steels. The most important
criterion was the joint-absorbing energy measured in the Charpy’ impact test. In the case
of Hardox 450 high-strength steel (from a different material group), it was decided to
check the behaviour of the joint made with various oxygen processes in impact and fatigue
tests. This approach enabled us to extend the knowledge concerning differences in energy
at fracturing, which was necessary to estimate the occurrence of cracks. Due to there being
frequent defects and irregularities after welding Hardox steels, a micro-jet helium cooling
process during the MAG welding process was used. The micro-jet technology has been
successfully proven in the welding of low-alloy steels and AHSS steels due to the
formation of a fine structure in the weld.

Concerning the wide application of Hardox steel, this grade of material and its
welded joints were examined to determine mechanical resistance under various types of
loadings. Other than typical mechanical experiments, a tensile test is a fundamental tool
[8,21,22], in addition to others connected with cyclic loading because it enables us to
follow material behaviour at various loading parameters up to fracture [23,24]. Fatigue
data can be represented by the Wohler curve at the cyclic rotational bending at a stress
ratio equal to -1. It provided a fatigue limit value, represented by 450 MPa. For
engineering applications and modelling approaches, this value can be compared to
ultimate tensile strength, providing a value of 0.29. Another experimental procedure
concerning high-strength steel grades, including the Hardox type, is tension—compression
tests at R =-1 and at a frequency equal to 20 Hz. This test focuses on the number of cycles
before fracture at cycle values ranging from 2 x 10¢ to 2 x 10°. The proportion of stress
amplitude and ultimate tensile strength was analysed and provided a ratio value between
0.2 and 0.9 at values of the mechanical parameter from 300 MPa to 2600 MPa [25].

Details for Calibration of the Welding Technology

When welding the steel, a reduction in the mechanical parameter values in HAZ
(Heat Affected Zone) can be Observed. During the Hardox steel welding process, it is
recommended to limit the linear energy to the level of 5 kJ/cm [8]. Table 1 shows the
mechanical properties of Hardox 450 steel used in the construction of shipping containers.
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Table 1. Mechanical properties of the Hardox 450 steel [26].

Yield Point, YS Ultimate Tensile Strength UTS, Hardness, HBW
[MPa] [MPa] [MPa]
1190 1355 450
For this type of material, a yield stress value of 1200 MPa is obtained. This can be

explained as a result of a higher carbon content and the presence of boron in the Hardox
steel in relation to steels from the carbon-manganese group. In unalloyed B, it is rarely
introduced and does not exceed 0.002% (Table 2).
Table 2. Chemical composition of Hardox 450 steel [26].

C, Si, Mn, P, S, Cr, Ni, Mo, B,

% % % % % % % % %

0.26 0.7 1.6 0.025 0.011 1.4 1.5 0.6 0.005

The table data shows that the boron content is at a high level and significantly exceeds
its presence in classic unalloyed structural steels. Boron is an effective deoxidizer and
nitrogen-binding element. The boron content of the steel has a positive effect on the impact
toughness of the joint. Boron also increases the strength of the joint. B is often introduced
into the weld metal, together with Al and Ti. The aluminium content in the MAG steel
weld metal should not exceed 0.03%. The Japanese patent owned by the Nippon Steel
Corporation [27] contains information about the low impact toughness of the basic
electrode weld metal containing 0.12% Al.

However, the American patent [28] owned by the Incorporated Teledyne company
shows that the content of Al in the weld metal of basic electrodes cannot exceed 0.03%.
The research results obtained by G.M. Evans confirm this [29-31]. It is believed that
aluminium binds oxygen more efficiently than titanium binds nitrogen [32,33].

Titanium and boron introduced simultaneously impact the effective binding of
oxygen and nitrogen, which increases the impact toughness of joints made from various
welding processes. Titanium and boron added to the weld metal in more significant
amounts (over 0.02 of Ti and 0.002 of B) strengthen both the solution and precipitation of
the weld metal deposit, which leads to an increase in the immediate, ultimate tensile
strength. As a result, the hardness increases while the toughness of the weld metal
decreases [34]. Masumoto [35] has confirmed that the optimal content of titanium and
boron in the weld metal should be 0.01% to 0.04% Ti and 0.001 to 0.0025% B, respectively.
Bonomo [36] has stated that, with higher amounts of Ti and B, the yield stress and ultimate
tensile strength of the weld metal can theoretically be as high as 2500 to 4000 MPa/1% Ti.
Widgery [37,38] confrimed that the self-reinforcement of titanium of an unalloyed joint
containing 0.002% of B amounts to 60 to 70 MPa/1% Ti. Titanium and boron might enter
the weld from the parent material and the electrode’s wires. The optimal boron content in
the coated electrodes weld metal depends on not only the oxygen content, but also on the
range of other elements, especially C, AL, Ti and N [39]. Reducing the content of C, Al, Ti
and N in the weld metal allows for an increase in the content of B in the weld metal,
because the total hardening and strengthening effect of the weld metal is lower. In the
AWSE?018 electrode weld metal, the optimal content of titanium is from 0.002% to 0.07%.
With the increase in titanium, the strength of the weld metal increases. The most
favourable toughness is achieved with a Ti content level of 0.03%. At that time, the grain
becomes refined and the oxygen content is reduced to the level of 400 ppm, which
produces improved impact toughness. When manganese and silicon are decreased too
much, and the appearance of titanium carbides and carbonitrides develops, the hardening
of the weld metal and transformation of austenite into a bainite region can be observed.
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Boron might also be added to coatings and fluxes in the form of B20s oxide. Boron
dissolves in the weld metal as a result of this reduction. It can also be added in the form
of ferro boron, or less frequently, in the form of B«C boron carbide [24,25,40]. According
to the Nippon Steel Corporation’s patent GB20150337B, the basic electrode weld metal
with 1.45% Mn is the most resistant to cracking in the CTOD (Crack Tip Opening
Displacement) test, with a content of 0.03% to 0.05% of Ti and 0.005% to 0.007% of B
simultaneously [41]. It is believed that a low concentration of boron promotes segregation
of the boundaries of austenite grains and hinders ferrite nucleation. However, with an
amount of boron greater than 0.005%, the impact toughness of the weld metal begins to
decrease because Fe23s(BC)s carbide is precipitated at the austenite grain boundaries [42].
There is also the argument that it is possible to obtain a weld metal with high impact
toughness at negative temperatures when strictly controlling the content of titanium,
boron, nitrogen and oxygen in the weld metal [37]. It is, however, very difficult to
implement this under average production welding conditions. G. M. Evans investigated
the influence of boron on the properties of the unalloyed weld metal at different nominal
Ti contents: 5, 35, 120, 260, 400 and 600 ppm [43]. He found that boron in the tested
quantities, 1 to 195 ppm, did not reduce the oxygen concentration in the weld metal—
unlike Ti—but changed the microstructure of the weld, thereby increasing the amount of
acicular ferrite in it. At the same time, the amount of grain boundary ferrite with low
impact toughness is reduced. In general, the toughness of the weld metal is the highest at
the ratio Ti/B equal to 10 [44]. However, in the Hardox 450 high-strength steel, the boron
content is twice as high as in unalloyed steels, and the Ti content is very low (Table 2).

The formation of hard, non-metallic inclusions, especially BN and Ma3(C, B)s, which
strengthen the weld metal and increase tribological properties, is much more
advantageous. Until now, Hardox steels in a CO2 shield have very often been welded. This
is associated with the possibility of crack formation in both the heat affected zone and in
the weld itself. The authors of this publication believe that choosing this gas for welding
Hardox 450 steel is inappropriate, and they decided to prove it. The oxygen content in the
steel weld metal deposit made in the CO: shield is at a high level (550 ppm), while the
oxygen content in the weld metal deposit made in the pure argon shield is too low
(approximately 280 ppm). The oxygen content in the alloy made in the Ar + 18% CO:
shield is at the most appropriate level (approximately 350 ppm). The classification of
welding methods into various oxygen processes and their justification was carried out
and published by one of the authors of this publication at the ISOPE-1999 Conference in
France [45].

Hardox steel is a very modern structural material and is restricted concerning its
welding process. Therefore, this article focuses on selecting the welding parameters for
the Hardox 450 joint. The approach to the problem considered is represented by
microstructural observations and mechanical tests, including monotonic tension, Charpy
impact, bending and fatigue probes. These experiments were selected to collect the
mechanical properties of the weld, which are important to model and qualify the joint to
operation, i.e., proportional limit, yield stress, ultimate tensile strength, fatigue limit and
impact absorbed energy. Compared to the MAG approaches, the biggest advantage of this
paper is related to the welding parameter proposal, which provides desirable mechanical
properties to the joint.

2. Details of Weld Manufacturing, Inspection and Testing

In the welding process of Hardox 450, 6 mm thick sheets were used. It was decided
to prepare MAG (Metal Active Gas) joints by applying two different shielding gases in the
tests: CO2 and the mixture of Ar + 18% CO.. Since both gases have different degrees of
oxidation, it was decided to verify their influence on the weldability of the steel (gas
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mixtures according to the PN-EN 14175 standard). The shielding gas intensity was at the
level of 15 L/min.

Two electrode wires were selected (see Table 3). The wire with a lower content of
titanium was marked as T2 in the tests (EN ISO 14341-A: G42 3 C1 35i1), and the wire with
a higher content of titanium was marked as T4 (EN ISO 14341-A: G4S1). Both wires had a
very similar chemical composition, except for their titanium content. The diameter of the
electrode wire was 1 mm, the amperage was equal to 120 A, and the arc voltage reached
20 V. The parameters of helium micro-jet cooling were typical [8]. The diameter of the
stream was equal to 60 pm and the gas pressure reached 0.6 MPa.

Table 3. Chemical compositions of the electrode wires [6].

Wire C% Si% Mn% P+ S% Cr% Ti% Al%
T2 0.08 0.9 1.5 0.04 0.25 0.002 0.01
T4 0.09 1.0 1.7 0.04 0.15 0.004 0.01

The chemical composition of the wires (Table 3) differed from that of the welded
steel. It is worth noting that there was a lower carbon content in the wires than in the steel.
Both electrode wires were selected in a way that ensured a difference in the titanium
content, which, together with boron in the weld metal, affected the properties of the weld.

The DC source was connected to (+) on the electrode and the thin-walled weld (6
mm) had a three-pass stitch. The welded joints were made from Hardox 450 steel, with a
thickness of 6 mm in a flat position with V bevelling. The groove shape and the method
of arranging subsequent layers are presented in Figure 1. The requirements of the EN
15614-1 standard were used for the MAG welding method at the low position (PA). The s
total dimensions were 6 mm x 250 mm x 350 mm.

Non-destructive testing (NDT) was carried out to evaluate the quality of the obtained
joints. This was checked as to whether the welded joint had welding defects, such as
cracks and bubbles. Visual tests (VT) of the welded joints obtained by welding with micro-
jet cooling were made with the eye, fitted with a magnifying glass at 3x magnification.
This test was performed according to the PN-EN ISO 17638 standard and the assessment
criteria according to the EN ISO 5817 standard. Moreover, the magnetic-powder tests
(MT) were carried out by the PN-EN ISO 17638 standard. The assessment criterion was
according to the EN ISO 5817 standard, using a magnetic flaw detector device type REM-
230.

The test results are listed in the tables. Specimens that passed the test were subjected
to tensile and bending tests.

A bending experiment was performed for all the joints in which no welding defects
were detected. The test specimens had a cross-section of 6 mm x 30 mm. A mandrel with
a diameter of 100 mm, at a bending angle of 180°, was used in the experiment.

A tensile test was carried out based on the PN-EN ISO 6892-1:2020 standard. The
experimental approach was designed to follow the Hardox 450 weld behaviour under
static and fatigue loading. A tensile test was carried out based on the regimes of the PN-
EN ISO 6892-1: 2020 standard.

The specimens that had the best results in the tests were taken for microstructural
tests.

The next stage of the research included examinations of the microstructure of the
specimens digested with the Adler reagent using a light microscope (LM). The study
aimed to assess the microstructure and to compare the microstructures of specimens
obtained in the welding process with micro-jet cooling and made at different process
speeds. For specimens with the most favourable microstructures, the hardness of the
welded joint was measured. Hardness measurements were completed in accordance with
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the guidelines of the PN-EN ISO 9015-1: 2011 and PN-EN ISO 6507-1: 2018-05 standards.
A hydrogen test was performed for the same specimens. Tests on the content of H in the
weld were carried out according to the glycerin method described in the standard
“Determination of the total amount of hydrogen in the weld metal of steel electrodes with
acid, rutile or alkaline coating. BN-64/4130 (BN-64/4130, 2013)”. Based on the above tests,
the best connector was selected in respect of the quality of the structure and its properties.
A fatigue test was also performed for such a selected connector. The probe collecting
specimen design was performed in accordance with the ASTM E468-18 standard. This
kind of experiment was chosen because of its wide ranging assessment of the joints under
various levels of stress, i.e., high and low values, and because it collects the fatigue limit
values. In this way, the joint behaviour can be captured, and many details on fracturing
can be noticed. This means that the results can not only be used in material sciences, but
can also be used in stages of the designing and inspection process and for modelling and
durability prediction. It is worth noting that, from an experimental point of view, in the
case of sheets, the preparation of specimens for other kinds of tests, such as impact and
bending tests in compliance with their requirements, is not possible. Therefore, this kind
of experiment has a significant role in the assessment of joint quality.

distance
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Figure 1. Scheme of the welding process with micro-jet cooling and (a) the groove shape and

beveling method from the Hardox 450 steel with a thickness t = 6 mm (b).

A bending test was performed for all the joints without welding defects. The cross-
section of the specimen was 6 mm x 30 mm. A mandrel with a diameter of 100 mm, at a
bending angle of 180°, was used in the experiment.

A tensile test was carried out in accordance with the PN-EN ISO 6892-1:2020
standard. The experimental approach was designed to follow the Hardox 450 weld
behaviour under static and fatigue loadings. Therefore, the U-notched specimen was
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designed. This was completed based on the requirements of the E 468-90 ASTM standard
for fatigue tests. This type of specimen, with respect to the U-shape in the middle of the
measuring zone (as the place of the weld), only enabled this area to be tested because it
had the highest stress values. This means that the development of damage, regardless of
the type of loading (static and fatigue), will occur in the weld, excluding areas such as
HAZ and the fusion line. The shape of the specimen is especially recommended for testing
narrow-width joints. Advantages of this specimen kind can be easily noticed, as compared
to flat specimens, which do not offer a localisation of a maximum value of stress in a weld,
but rather in a random region of a measuring section and even omits the joint. However,
in the case of the U-notched specimen, the weld is directly located in the thinning section,
thus causing the occurrence of the maximum stress value. In this way, the weld material,
HAZ, and fusion line are directly examined in terms of the quality of the joints as a whole.
This means that it is not necessary to reveal the position of the weld. The only condition
required to manufacture the U specimen is to use an appropriate technological process in
which part of the main axis of the weld and the horizontal axis of the measurement zone
of the specimen are in line.

All the specimens were manufactured using the production technology applied in a
specific steel structure production plant. These included both cutting and machining.
Therefore, the tested specimens have scratches on their measuring surfaces.

A fatigue test design to collect the specimen was performed in accordance with the
the ASTM E468-18 standard. This kind of experiment was chosen because of its wide
range of assessments of the joints under various levels of stress, i.e., high and low values
(Figure 2), and because it collects the fatigue limit value. In this way, the joint behaviour
can be captured, and many details of the fracturing can be noticed.

1200 - 1200 -
|Maximum value of stress signal - Omax = 511 MPa
1000 1000 - Omin = 51 MPa
Ormax = 1021 MPa O = 281 MPa
‘© 800 o... =102 MPa ‘@ 800 o, =230 MPa
Q. min o R=0.1
= O =562 MPa > : :
o 000 5, = 459 MPa a 600 4 h=10it
o R=0.1 o {Maximum value of stress signal
& 400 £=10 Hz & 400
200 | Minimum value of stress signal 200 L [
-Minimum value of stress signal
0 Q 4 ‘
0 2000 4000 6000 8000 0 50,000 100,000 150,000
Number of cycles Number of cycles
(a) (b)

Figure 2. Levels of maximum and minimum values of stress signal versus the number of cycles used
to control the testing machine for the fatigue process: (a) at high and (b) low-stress levels.

This means that the results can not only be used in material science, but also in stages
of the design and inspection, as well as in the modelling and durability prediction. It is
worth noting that, from an experimental point of view, in the case of sheets, preparation
of the specimens for other kinds of tests, such as impact and bending tests in accordance
with the requirements, is not possible. Therefore, this kind of experiment has a significant
role in assessing joint quality.

An additional tensile test (Figure 3) was selected to determine the material behaviour
by employing the hourglass specimen because of the fatigue experiment. The test was
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carried out up to the material fracture and captured changes in axial strain values. The
final stage of the test was represented by photos that reflect the measurement section and
fracture zones in both perpendicular views.

Figure 3. U-notched specimen and the 2620-601 extensometer in the 8802 Instron testing machine
before the tensile test.

The fatigue test was supported by the requirements of the ASTM E468-18 standard
[46] and employed the shape of the specimens and a value of the radius for the necking.
This kind of hourglass specimen was elaborated on by one author of the article [47,48] in
regards to application to the joints. The characteristic features of the specimen’s geometry
are connected to a weld region, which directly occurs in the middle sections of the
measuring zone. In this respect, the joint is subjected to loading without any disturbance
of other areas. Moreover, observations of the welding behaviour under fatigue cycles were
directly conducted, focusing on fatigue damage occurrence and how it increases up to the
cracks and material separation. Therefore, this kind of specimen was used. The fatigue
signal was represented by a sinusoidal function at a stress ratio equal to 0.1 and a
frequency of 10 Hz (Figure 3). The stress levels were selected to analyse the tensile curve
and mechanical parameters. They were used to indicate the maximum stress values used,
which were chosen following the tensile curve and values of mechanical parameters.

3. Results and Discussion

3.1. The Weld in Non-Destructive, Bending and Impact Tests

The best results of the NDT (Table 4 (a)) can be achieved when the shielding gas
mixture of Ar + 18% COzis applied. The combined effect of the boron appearing in the
steel with a too high concentration of titanium from the wire is disadvantageous. Welding
at a lower speed provides better results. No welding defects and non-conformities were
found in the specimens: Sal, Sa2, Sa3, Sa5 and Sa6 (Table 4 (b)).
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Table 4. (a) The NDT test results of welded joints. (b) The results of the static bending test of joints
with respect to cracks.

(a)
Mark Shielding El.ectrode Welding Micro‘-]et Observations
Gas Type Wire Type Speed Cooling
Sal Ar +18% CO2 T2 300 mm/min yes no cracks
Sa2 Ar +18% CO2 T4 300 mm/min yes no cracks
Sa3 CO: T2 300 mm/min yes no cracks
Sa4 CO2 T4 300 mm/min yes cracks
Sa5 Ar +18% CO2 T2 450 mm/min yes no cracks
Sa6 Ar +18% CO2 T4 450 mm/min yes no cracks
Sa7 CO: T2 450 mm/min yes cracks
Sa8 CO2 T4 450 mm/min yes cracks
Sa9 Ar +18% CO: T2 300 mm/min no no cracks
Sal0 Ar +18% CO: T4 300 mm/min no cracks
Sall CO: T2 300 mm/min no cracks
Sal2 CO:z T4 300 mm/min no cracks
Sal3 Ar +18% CO: T2 450 mm/min no cracks
Sal4 Ar +18% CO: T4 450 mm/min no no cracks
Sal5 CO: T2 450 mm/min no cracks
Sal6 CO: T4 450 mm/min no cracks
(b)
Specimen Mark Results
Sal no cracks
Sa2 no cracks
Sa3 no cracks
Sa5 no cracks
Sa6 no cracks
Sa9 cracks
Sal4 cracks

The bending test only had positive results in cases where micro-jet cooling was
introduced into the MAG welding process (Table 4 (b)). Therefore, it was decided to only
continue testing connectors made using the micro-jet process.

The joints showed no defects after an attempt to bend them through at an angle of
180°. For further impact tests, it was decided to also consider those specimens in which
no defects and non-conformities were found (Sal, Sa2, Sa3, Sa5 and Sa6), as in the bending
tests.

The joint under the Charpy impact test was assumed to have acceptable plastic
properties when the impact strength had a contractual value of 47 ] at the lowest possible
temperature. Impact accumulated energy at a minimum level of 47 | at a temperature of
-20 °C—it is the so-called second class of toughness. This means that at any temperature
higher than -20 °C, the accumulated energy is above 47 ], the joint is properly made and
it is in the second quality class, which is required for joints made of high-strength steel.
The results from the impact probe at a temperature of —20°C are presented in Table 5 (a).
They are in the form of average values at three measurements.
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Table 5. (a) The results of the Charpy-V impact test obtained at a temperature equal to —20 °C. (b)
The results from the Charpy impact test, collected at temperatures between -10 °C and -30 °C.

(a)
Specimen mark KV, ] (=20 °C)
Sal 54
Sa2 42
Sa3 45
Sab 50
Sab 44
(b)
Specimen mark KV, ] (=30 °C) KV, ] (<10 °C)
Sal 48 67
Sa2 Below 30 53
Sa3 Below 30 57
Sa5 41 64
Sa6 Below 30 55

The results indicate that the second class of impact toughness minimum 47 J at —20
°C achieved only two welds and were made in the shielding mixture of argon and carbon
dioxide (less oxidizing shielding gas). The impact resistance of the joint manufactured at
a lower welding speed is higher than the others. Therefore, for further research, the joint
marked as Sal, made in the shielding mixture of Ar +18% COx2, with the wire with a lower
titanium content (0.002%) and welded at a speed of 300 mm/min, should be selected. For
a complete understanding of the fracture energy of the specimens, additional impact
toughness tests were carried out at temperatures below and above -20 °C, i.e., at -10 °C
and at =30 °C. The results are presented in Table 5 (b).

At the temperature of —10 °C, all the joints had good plastic properties and fulfilled
the first class of impact toughness, which proves that they had well-chosen welding
parameters. It is worth noting that the most critical information for acceptance of the
welding technology is the result of the Charpy test at the lowest possible temperature.
Therefore, it was decided to analyse the fracture energy of the specimens at -30 °C. In this
case, it was confirmed that the Sa3 and Sa5 welds had the best plastic properties. The third
impact strength class (impact strength over 47 J at =30 °C) will only be met by one Sal
weld (Table 5 (b)).

3.2. Microstructure and Hardness of the Weld

The metallographic joint microstructure was also observed for the fractured regions
due to the impact test. A specimen was etched with Adler’s reagent. Figure 4 presents the
microstructure of the Sal weld (made in a shielding gas mixture of Ar +18% CO:) and Sa4
weld (made in a shielding gas, CO).

The performed qualitative evaluation of the examined joints showed that welding
with micro-jet cooling led to favourable microstructural changes within the entire joint
(Figure 4a—f). The microstructure of the welded joint of Hardox 450 steel, in the fusion
zone, indicates a weak outline of the fusion area. In the heat affected zone, a structure of
post-martensitic orientation with areas of bainite and troostite is visible. The observed
microstructure is comparable to the structure presented in the literature [49,50]. The
observation of the base material zone confirms that, after welding with micro-jet cooling,
the material microstructure of the base material (BM) showed features characteristic of
martensite and was not the tempered sorbite. Sorbit is obtained for Hardox joints after
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welding without micro-jet cooling, which is confirmed in Reference [8]. Martensitic
structures for the joint of the Hardox steel are mainly obtained after welding and
subsequent heat treatment. The micro-jet cooling process affects the structure of the
welded material, thus preventing loss of its high mechanical properties (Figure 5). In the
welded metal zone, directly after welding, microstructures typical for variable
temperatures and cooling rates are observed. The microstructure of the joint is composed
of:

- martensite and tempered martensite with areas of upper bainite (Figure 4b,c); and

- martensite and tempered martensite with areas of upper bainite with course ferrite
(Figure 4f).

Therefore, in the author’s opinion, to obtain a high-quality welded joint with
mechanical properties correlated with parameters of the base material, the newly
developed welding with micro-jet cooling should be used. The results show that the newly
developed welding with micro-jet cooling operation led to favourable structural changes
within the entire joint.
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Figure 4. Microstructure of welds made with various process speeds (welding with micro-jet
cooling), observation at different magnifications, (a-c) specimen Sal (300 mm/min), LM (d-f)
specimen Sa5 (450 mm/min), and LM (W —weld material, HAZ).

I
450

450

420 ]

360 |

Hardness, [HV10]
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Figure 5. Hardness changes in the welded joint of Hardox 450 steel for specimen Sal.

It is visible that, in the Sal specimen, made in a shielding gas mixture of Ar + 18%
CO2 with helium micro-jet cooling and lower process speed, tempered martensite and
bainite are treated as the dominate structures. In the Sa5, made with helium microjet
cooling and a higher process speed, apart from martensite and bainite, a small amount of
course ferrite was observed. Both structures (Sal and Sa5) were rather similar to that of
the base material, where martensite was a dominant structure. It was proven that micro-
jet helium cooling is recommended to obtain welding joints of good quality. It was shown
that using a gas mixture containing argon instead of pure carbon dioxide as a shielding
gas prevents the formation of ferrite in high contents. Ferrite, especially in its overgrown
form, could seriously reduce the mechanical properties of the welded material. It can be
noticed (Figure 4) that an important welding parameter for Hardox 450 steel is the process
(welding with micro-jet cooling) speed, which allows slightly different structures that are
not dominant to be obtained.

It was noticed that the microstructure of the Sal and the Sa5 welds were very similar
(Figure 4) and this indicated that the speed value of the welding process, i.e., 300 mm/min
and 450 mm/min, created the same (tempered martensite microstructure with areas of
upper bainite). The minimal amount of course ferrite (in W) and troostite (in HAZ) slightly
changed the joint structure of the SA5 specimen, so slightly lower hardness values were
recorded in the heat affected zone in the specimen SA5 and were comparable in the weld
(W). Overall, the hardness distribution was similar in both joints. For this reason, only one
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type of tested weld (Sal) was qualified for further testing. The selected joint showed
slightly better properties in the bending and impact tests and it was included in Section
3.1 of the article presented. The hardness results of the tested specimens SA1l are
additionally shown as a graph (Figure 5) to approach the mechanical resistance of the joint
zone on loading.

Microscopic studies did not show any joint failures in the form of cracks. An
overview of hardness changes in the welded joint of Hardox 450 steel is presented in
Figure 5. The material Vickers hardness in the BM zone was about 450 MPa after welding
with micro-jet cooling. The strength properties of the base material were not lowered due
to the welding process used. In the central part of the weld metal, a slightly reduced
hardness of 390 MPa was noticed (Figure 5). The hardness drop can be explained by the
chemical composition of the weld metal. The composition in the weld is significantly
different from the composition of the base material, and it affected the properties after
welding. The maximum hardness in the heat affected zone was 451 MPa. The minimum
hardness of the weld material was 375 MPa.

3.3. Hydrogen Diffusion

The next stage of the research was to estimate the diffusible hydrogen content for the
two tested joints, which in the previous study were characterized as having the best
properties (51 and S5). Immediately after welding, the diffusible hydrogen content in the
weld was checked. The test results are presented in Table 6.

Table 6. Diffusing hydrogen content (mL/100 g of weld metal).

Estimated Value of H in Weld that Could

Real H in Wel i i
eal H Content in Weld Obtained in Be Obtained in the Mercury Method Using

1 in Meth
Glycerin Method Fydrych Equation
51 3.17 6.71
S5 3.29 6.86

Tests of the content of H in the weld were carried out according to the glycerin
method described in the standard “Determination of the total amount of hydrogen in the
weld metal of steel electrodes with acid, rutile or alkaline coating. BN-64/4130 (BN-
64/4130, 2013)”. Based on the measurements obtained through the glycerin test, the value
of hydrogen was estimated, which could be obtained in the mercury test, using the well-
known formula presented in Reference [45].

Equation (1) allows for the determination of the relationship in the following forms:
Diffusible hydrogen amount in the deposited metal from the glycerin method and
diffusible hydrogen amount in the deposited metal from the mercury method [51]:

HDglyc = 0.789 x HDmerc — 2.13 [mL/100 g] (1)

where:

HDygly.—diffusible hydrogen amount in the deposited metal from the glycerin method
(mL/100 g Fe),
HDnmere—diffusible hydrogen amount in the deposited metal from the mercury method
(mL/100 g Fe).

Based on the results of the tests presented in Table 5, it was found that the diffusing
hydrogen content in both welds was at the recommended level of 3-7 mL/100 g of the
weld metal. These low diffusible hydrogen levels in the weld show that the selected
process was correct.



Materials 2022, 15, 7118

14 of 22

3.4. The Weld Behaviour in Static and Fatigue Tests

The behaviour of the Hardox 450 with the MAG weld reflected elastic and elastic-
plastic responses with a prolonged instability region (Figure 6). This expresses that weld
fracturing occurs at a tri-axial stress state. Moreover, more details on the last stage of the
specimen under tensile force can be noticed based on photos (Figures 7 and 8). They can
be selected based on the orientation of the fracture region, in which edges are sloped to
the main axis of the specimen. This feature indicates that weld degradation appeared
under axial and shear stresses to the fracture plane. It should be noted that the obtained
results are global data that lead towards the welded joint without considering the HAZ
and fusion line. Therefore, despite the use of the U-specimen, which concerned the
position of the fracture plane at an angle, the obtained results indicate the significance of
the -zones mentioned above in the description of the weld fractography.

1400
1300
1200
1100

Hardox 450 with MAG weld

a
[Eny
o o
o o
[eNe]

800
700
600 Young's modulus = 2.4 GPa

500 Proportional limit = 1021 MPa
400 Elastic limit = 1173 MPa
300 Yield stress = 1248 MPa

Axial stress [MPa]

igg Ultimate tenile strength = 1285 MPa
0 Relative elongation = 3.7%

0 0.01 0.02 0.03 0.04 0.05
Axial strain [mm/mm)]

Figure 6. Tensile characteristics and mechanical parameters of the Hardox 450 MAG weld.

(d)

Figure 7. Hardox 450 MAG weld at the final stage of the tensile test: (a) General view, (b,c) fracture
region, and (d) the specimen out of the testing machine.
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(@) (b)

Figure 8. Fracture zone of the Hardox 450 welded in MAG process after the tensile test: (a) general
view, and (b,c) both parts of the region.

The fatigue process of the weld was observed at a stress range between 255 MPa and
1180 MPa (Table 7). This shows the significant differences between the maximum and
minimum values of the stress used as an effect of the MAG weld occurrence. In this case,
the ratio was represented by 4.7, which reflects the sensitivity of the Hardox 450 to the
welding process applied. These data have also enabled us to approach the fatigue limit
using the Basquin’s equation (o = 7792.25 n02), with 298 MPa as the fatigue limit. This
value was confirmed by the equation and by the fatigue data collected at 255 MPa and
2.79 x 106 cycles without fracture. The fatigue limit value was used for the relationship
between the mechanical parameter of the weld and a proportion value was calculated
(Table 8). This kind of data follows engineering efforts in regards to practical aspects of
designing and diagnostics because it reflects specific values (Table 7).

Table 7. Proportion between the fatigue limit and the mechanical parameters of the Hardox 450
MAG weld.

Fatigue Fatigue Limit/Elastic =~ Fatigue Limit/Yield . . . .
Limit/Proportional Limit Limit Stress Fatigue Limit/Ultimate Tensile Strength
0.29 0.25 0.24 0.23

Table 8. Stress and number of cycles from the fatigue test of the Hardox 450 welded in MAG.

Maximum value

of stress [MPa] .00 1021 511 340 225
Number of
cycles to 3504 6838 117,082 721,054 279,575
fracture

In the case of a stress value equal to the proportional limit, the weld degradation was
represented by the fracture plane located at an angle; providing the axial and shear stress
are essential for joint degradation. For this, it can be concluded that the tested region
separation occurred in the biaxial stress state as a result of the one-axial cyclic loading and
its value (Figure 9).
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(c)

Figure 9. Hardox 450 with the MAG weld from the fatigue test under the maximum value of stress
equal to 1021 MPa, (a,b) directly after separation, and (c) fracture region.

Different responses to the cyclic loading were noticed as the stress reached half the
value of the proportional limit (Figure 10). This was expressed by the fracture zone
features, such as the perpendicular plane to the main axis of the specimen and the more
dominant fatigue region. This has shown that axial stress is a fundamental component of
weld degradation under the stress considered. The same sentence can be formulated for
data at the stress level of one-third of the proportional limit (Figure 11). The results can be
summarized as the fracture of the Hardox 450 MAG weld the under cyclic stress value
below the proportional limit being mainly caused by axial stress.

(b) (©) (d)

Figure 10. Hardox 450 with MAG weld from the fatigue test under the maximum value of stress
equal to 511 MPa, (a,b) directly after separation, and (c,d) fracture region.
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(b) ()

Figure 11. Hardox 450 with MAG weld from the fatigue test under the maximum value of stress
equal to 340 MPa, (a,b) directly after separation, and (c) fracture region.

Displacement values directly before and at fracture have reflected differences in the
weld response. At the maximum value of stress following the elastic limit, the
displacement value of 0.85 mm represented the specimen separation, however, (a) in
contrast, for the stress at the proportional limit, the fracturing occurred at 6.3 % smaller
values (b). The reduction in the displacement value was also observed at a stress level of
half of the proportional limit (c) and its 33% value (Figures 12d and 13a). It can be
concluded that plastic features of the weld disappear when stress levels decrease. This
sentence is also confirmed by details of the fracture regions, which expressed changes in
the weld degradation from brittle-ductile (Figures 9 and 10) to brittle (Figure 11) at the
high and low values of stress used, respectively.
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Figure 12. Displacement versus time at the finale stage of the fatigue test for the following values of
maximum stress: (a) 1180 MPa, (b) 1021 MPa, (c) 511 MPa and (d) 340 MPa.
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An analysis of the data relating to displacement has also indicated differences
between the maximum value of the magnitude taken (Figures 12 and 13b) and its value at
the fracture evaluated, tending to a total reduction in its proportion at the stress level
significantly below the proportional limit (Figures 12d and 13c). As can be noticed, this
proportion tends asymptotically to its limit level, which is expressed by a value of 1.0 with
an increasing number of cycles. Concerning the stress levels used in the fatigue tests, this
proportion follows a value close to 1.25 at higher ranges of the loading applied (Figure
13c¢).

4. Summary

Concerning the Hardox 450 weld quality, it was decided to check what is the most
appropriate electrode wires and gas mixtures based on their chemical composition, which
affects the structure and properties of the welds. For the first time, innovative micro-jet
cooling was used for the MAG welding of Hardox steel. Preliminary studies confirmed
the validity of micro-jet cooling and much better results were obtained.

Electrode wires with a titanium content at the level of 0.002-0.004% were used for the
welding process because titanium can enter the weld from the electrode wires, causing an
increase in temporary strength. It also affects the microstructure, causing it to become
refined. Through this, we can consider the value of the ultimate tensile strength of the
weld material using the general formula for the structural steels as follows: Ultimate
Tensile Strength = 3.5 Brinell Hardness. In this case, the joint’s UTS reached 1300 MPa and
converted the average value of the Vickers (390 MPa) hardness to the Brinell (371 MPa)
one. This shows that the value of the UTS of the joint was very similar to the UTS of the
base metal, thus indicating a high quality of the manufactured weld [26]. Microscopic tests
have confirmed changes in the microstructure in particular zones of the welded joints
(base material, weld and heat affected zone). The light microscopy observation reflected
that, after welding with micro-jet cooling, the material microstructure of the base material
(BM) showed features characteristic of martensite. In the heat affected zone, the
microstructure of post-martensitic orientation with areas of bainite and troostite was
observed. With appropriately selected cooling parameters and linear energy of the
welding process, joints were obtained without welding defects and incompatibilities.
Thus, the accepted assumptions for the execution of welded joints of this steel are correct.

Moreover, the observed changes in the material’s structure between correctly made
joints most likely resulted from the change in the linear energy of the welding process. In
the joint weld structure of specimen SA5, we can observe areas of ferrite, which were not
identified in the structure of specimen SA1. Registered changes indicate that there are
better properties of specimen SA1.

Based on the research results (non-destructive and destructive tests), we can confirm,
that the application of the newly developed welding process with micro-jet cooling is
beneficial. In the correctly obtained joints, the Vickers hardness measurement was high
(approximately 450 MPa in the BM zone and about 390 MPa in the joint).

To obtain a correct and reproducible joint, the use of micro-jet cooling alone is
insufficient. At the same time, attention should be paid to the different oxygen contents
of the welding process. To this end, it is important to select additional materials, including
the shielding gas mixture and the corresponding electrode wire. Thermodynamic factors
were considered. It was decided not to use preheating, but the influence of the welding
speed on the properties of the welded joint was checked.

The analysis of data taken from the MAG welding process with the micro-jet cooling,
microstructural approach, and static and fatigue experiments have contributed to solving
the problem of the quality of the joining type for the hard-rusting steel (Hardox 450). The
conclusions are as follows:
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1. The welded steel fracturing under static tensile force is strongly related to both stress
components, i.e., axial and shear, which directly causes the region to appear at the
angle, as compared to the main axis of the specimen;

2. Weld examination under cyclic loading can be conducted using an hourglass
specimen with this kind of joint in the middle section of the measurement region;

3. Behaviour of the joint under the fatigue process was significantly related to a value
of the stress level because different details of the fracture zones were observed. In the
case of a stress value being equal to and exceeding the proportional limit of the weld,
the joint degradation appeared as the shear and axial stress components, while at a
more minor one, axial stress was a dominant reason. This response indicated the
brittle features that become more significant in fracturing at a low value of stress;

4. Concerning the ultimate tensile strength (UTS), the fatigue limit of the tested weld
was approximately 4.5 times lower, i.e., 298 MPa, indicating a relationship between
the parameters mentioned in the following form: Fatigue Limit = 0.23 x UTS;

5. Application of the MAG welded steel in the engineering area with respect to technical
safety should be planned and take the following values for the mechanical
parameters: 1000 MPa (proportional limit), 1250 MPa (yield stress) and 298 (fatigue
limit for the complete reversed cycles);

6. It is possible to obtain joints in the second impact class, which means that the
specimen breaking energy in the impact test is above 47 J at —20 °C;

7. For the proper welding of Hardox 450 steel, a low-oxygen welding process should be
used, which in the case of the MAG process, should consider the use of the Ar +18%
CO:z shielding mixture; and

8.  Aless oxidizing shielding mixture in the MAG process will cause boron to bind with
nitrogen to form BN nitride and titanium to bind with oxygen and to form TiO oxide.
Thanks to this, the mechanical and tribological properties of the entire joint will have
comparable properties.
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