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Abstract: The aim of this paper was to present an experimental study into the influence
of elevated temperatures on the tensile properties of the ultra-high-strength steel (UHSS)
51100QL and its welded joints. S1100QL steel belongs to the group of structural steels,
and it is mainly used for designing various types of lifts and cranes with the goal of
decreasing the mass of structures while increasing their load capacity. Since the structures
mentioned are mostly produced as welded structures, tensile tests were also conducted on
the specimens prepared from two different types of welded butt joints made of S1100QL
steel. One plate was welded with a preheating temperature of approx. 175 °C with a similar
undermatching filler material, and the second plate was welded with slight preheating and
with two different filler materials. For the root pass, an austenitic filler material was used,
and for further passes the same undermatching filler material as in the first case was used.
The goal of this study was to determine the highest temperature at which the steel and
its welded joints maintain their properties. The first set of tensile tests focused on testing
the properties of the base material at room and seven other elevated temperatures (from
100 °C to 700 °C). The results obtained showed that between 400 °C and 500 °C, properties
begin to drop. The second set of tests focuses on investigating the tensile properties of
51100QL welded joints, both at room and elevated temperatures. In this paper, details on
the welding technologies used and the microstructures obtained are also presented.

Keywords: S1100QL; tensile tests; elevated temperature; welded joints; microstructure

1. Introduction

It is well known that steel nowadays is one of the most used structural materials due
to its superior properties such as strength and hardness and its ability to maintain these
properties at elevated temperatures. Conventional steels have been used in industry for
150 years. Steel parts have allowed for an increase in the working range of parts and the
durability of structures. As time passed, the application of steel parts expanded even more
and with it the conditions that steel parts had to meet. Accordingly, various studies began
to be carried out in the field of steel metallurgy. The aim was to enable steel materials to
meet these various conditions established in the industry. For example, in 1913, corrosion-
resistant steels were established as a result of a study in which the percentage of chromium
in the properties of steel was investigated [1]. Over time, new requirements have emerged
for increasing the load-bearing capacity of steel structures while simultaneously reducing
their weight due to climate change and high carbon emissions. This has been particularly
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emphasized in the automotive and transportation industries, where reducing the weight
leads to lower fuel consumption. Due to that requirement, steel alloys had to evolve in
a way that achieved greater strength, to withstand greater loads with smaller weight. This
allowed for an increase in the load-bearing capacity of structures or a reduction in the
mass of the structure and resulted in the discovery of high-strength steel (HSS), advanced
high-strength steel (AHSS), and ultra-high-strength steel (UHSS).

Besides the transportation industry and structural applications, UHSS is very often used
for protective purposes to make fire barriers in buildings where there is an increased risk of
fire [2,3]. The aim of this paper is to investigate the tensile and metallurgical properties of
UHSS structural S1100QL steel and its butt-welded joints at room and elevated temperatures.

Many studies devoted to the investigation of tensile properties at elevated tempera-
tures already exist in the literature [4-6]. Studies have been conducted on different materials
where examination temperatures, heating regimes, and other conditions were changed so
that their influence on the materials’ behavior could be assessed.

In their paper, Pang et al. [2] investigated the fire resistance of high-strength steel (HSS)
H-section columns subjected to axial compression through comprehensive experiments
and finite element analyses using three steel grades (Q460, Q690, Q960) with different load
ratios and slenderness ratios under fire conditions. The experimental results show that
increasing the load ratio from 0.3 to 0.5 reduces the critical temperature by approximately
10%-14%, while increasing slenderness ratios from 63 to 93 raises the critical temperature
by around 6%—-7%.

Qiang et al. [3], similar to Pang et al., investigated the behavior of high-strength steel
(HSS) columns subjected to elevated temperatures through a combination of experimental
tests and numerical modeling. The authors conducted compression tests on columns
made of 5460 and S690 steel grades at temperatures up to 900 °C. The test results showed
reductions in strength and stiffness with increasing temperature, particularly above 600 °C.

As one of the more important studies, Neuenschwander et al.’s paper [4] examined
how elevated temperatures affect the mechanical properties of butt-welded joints in the
high-strength steels S700MC, S960QC, and S1100QC. In this study, steady-state tensile tests
on both the base metal and welded joints were used, covering temperatures up to 900 °C.
The results showed that welded joints of higher-strength steels like 5960 and 51100 exhibit
greater strength degradation compared to their base metals at elevated temperatures.

Lazic et al. [6] investigated the influence of temperature on the properties of structural
steel S690QL and its welded joints. The examination temperature ranged from 20 °C to 550 °C.
The study shows that the properties of the base material start to degrade at temperatures
above 450 °C, and the properties of welded joints start to degrade at exactly 450 °C.

Arsic et al. [7] conducted a numerical analysis of the results obtained in [6]. Their
numerical study shows a high correlation with the experimental study. The numerical
results confirm that 450 °C indeed is the critical temperature. In another similar study;,
Arsic et al. [8] investigated the mechanical properties of hot-work steel H11 (AISI) at ele-
vated temperatures. In this study, the examination temperature ranged from 20 to 700 °C.
Within this study, both experimental and numerical methods were applied. The results of
this study show that the properties of hot-work tool steel H11 are stable up to temperatures
of 500 to 550 °C. At 600 °C and above, the yield stress and ultimate tensile strength begin to
degrade with a simultaneous increase in the material’s plasticity. It can be concluded that
this steel can be used with great reliability up to 550 °C. The numerical model prepared for
this study can be considered satisfactory, since the experiments’ results are similar to the
numerical results.

Other authors also dealt with the problem of tensile strength, as well with the welding
of 51100 steel [9-13]. For instance, M. Ghafouri et al. [9] investigated the tensile properties



Coatings 2025, 15, 696

30f28

of S960MC, 51100, and their welded joints at elevated temperatures. In this paper, for both
steels, just one welding technology was applied. As an extension of this work, this paper
puts to the test two welding technologies that steel producers recommend.

Amraei et al. [10] examined the mechanical properties of butt-welded thin plates made
of 5700, S960, and 51100 steels under various heat inputs (Hls). They concluded that
fracturing occurred in the base materials of all S700 and 51100 weldments, and S960 suffered
from failure at the HAZ, which resulted in a reduction in the joint’s strength and ductility.

Afkhami et al. [11,12] also examined the 51100 steel grade but as a study of the
influence of cold forming on the weldability and fracture behavior of ultra-high-strength
51100 steel. The results confirmed the reliability of the welded joints in steel structures,
and the fracturing of the welded material was identified as ductile, regardless of its cold-
forming degree. Heat-affected zone softening, as a common drawback associated with
welded ultra-high-strength steel, did not adversely affect the fracture mechanism of welded
51100, even in its cold-formed state.

Mandal et al. [13] investigated a low-carbon micro-alloyed steel containing high Ni
and Cu content that had been developed and subjected to thermo-mechanical processing by
varying the finish rolling temperature (850-750 °C) and cooling rates (air cooling and water
quenching). After the process, they examined the microstructures of air-cooled samples in
order to optimize the structure of the steel after the treatment. A satisfactory combination
of tensile properties was achieved in as-cooled or as-quenched conditions (without the
need for any tempering treatment).

Similar research was performed by Javidan et al. [14], where the topic of the research
was determining the effect of welding on the mechanical properties of high- and ultra-
high-strength tubes in hybrid sections, which is a critical factor that influences the global
performance of fabricated members. To investigate and quantify these effects on the
material of the welded steel, a specific type of hybrid section composed of plates and tubes
was considered in which two scales of experimental analysis were conducted at different
positions from the weld. At the macro-scale, standard tensile tests were performed at
various distances from the weld to obtain the mechanical properties of the heat-affected
steel in the axial direction parallel to the weld. At the micro-level, the microstructures of the
three above-mentioned materials, in addition to microhardness profiles, were examined,
providing extensive data on the materials’ behavior after welding. It is shown that the
welding and post-welding process, such as heat input and cooling rate, affect the local
material properties at different distances from the weld, leading to an overall heterogeneity
in the material influencing the mechanical behavior.

One of the most important research topics for these types of steel is crack growth under
different loads. Moe et al. [15] performed an assessment of the fatigue crack growth rate
behavior of welded structural components made of ultra-high-strength steels in order to
gain a comprehensive understanding of these materials under high-cycle fatigue loadings
and to enhance their applications in the construction industry. They concluded as follows:
the hardness reduction in HAZ is minimal (about 4%) for S1100 steel, S1100 steel has
a higher fatigue crack growth resistance than 5700, and the crack growth behaviors in both
WDMs of SG960 and SG1100 were nearly similar due to the use of the same filler material for
creating the weldments.

Since this steel grade is mainly intended for welded structures, it is very important to
emphasize the role of welding and the selection of welding technology. It is very important
to choose the right technology in order to obtain a welded structure of a certain integrity.
That was the focus in [16,17], where investigation of the weldability of ultra-high-strength
51100QL steel was performed through hardness, impact toughness, and tensile strength
testing. Using the MAG welding process with controlled parameters, high-quality welded
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joints were achieved without the occurrence of cold cracks. The results show that impact
toughness decreases with lower temperatures but remains within acceptable limits. The
mechanical properties of the joints confirm good weld quality. The authors emphasize
the importance of precise control over welding parameters, especially the cooling time
tg/5. This time refers to a cooling temperature interval between 800 and 500. This is the
temperature interval of the least stability for austenite. The time spent in this interval for
some steel grades can affect structures obtained at room temperature and consequently
their mechanical properties.

Similar to previous authors, Liang et al. [18] also dealt with problems of UHSS welding
and its properties after the welding. The introduction addresses the authors’ intentions to
research the tensile properties of the base metal and welded joints made of S1100 UHSS.
Additionally, the literature currently shows a lack of investigation into the influence of
temperature on the tensile properties of this steel.

S1100QL steel has extraordinary mechanical properties related to high strength
(strength-to-weight ratio) but also good toughness. This steel is usually used for ma-
chine building, lifting equipment, fabricated towers, structural applications, agricultural
systems, and combustible industries. Furthermore, S1100QL steel is used for the production
of structures in flammable industries, which employ these plates for pipe production since
they abate any leakages that can compromise safety standards. As previously mentioned,
this group of steels is used for the production of fire protection plates in buildings, so its
properties at elevated temperatures are extremely important [2-5]. Fire can be mentioned
as among the most, if not the most, prominent catastrophic incidents to which structures
are vulnerable, which can result in structural failure, followed by extreme consequences
such as human fatalities, economic loss, and environmental pollution. Fire-safe designs
and assessing the performance of steel structures made of HSSs and UHSSs exposed to
fire conditions necessitate a profound understanding of the constitutive behavior of such
materials at elevated temperatures. The aim of this research is to determine the mechanical
properties of the base metal and welded joints of S1100QL steel at room and elevated tem-
peratures, as well as to determine at which temperatures this steel loses its strength. In this
paper, two welding technologies were tested. One was recommended by the steel producer,
and the other was proposed by the authors, as it has been used in other research [9]. The
reason for this was the steel producer recommends welding the 51100 steel according to
procedure. However, the users of that steel often use welding technologies that differ from
the proposed one, so we wanted to test two technologies. Furthermore, companies that buy
welding steel generally do not have enough time to determine the most favorable welding
technology but rely on the solutions offered by the manufacturer.

2. Materials and Methods
2.1. Base Material

For the purposes of this study on 51100QL, SSAB’s STRENX 1100 E/F [19,20] was
used for preparing specimens for both investigation of its tensile properties at room and
elevated temperatures and for preparation of plates intended to be welded in the future, so
that investigation of the welded joints’ tensile and other properties could be conducted. As
mentioned before, this steel belongs to the group of UHSS. Its mechanical properties and
chemical composition declared by the producer are presented in Tables 1 and 2.

Table 1. Declared mechanical properties of S1100QL steel.

Yield Strength, Tensile Strength, Elongation, Impact Toughness,
RpO.Zr MPa Rm, MPa A5, % KV(_40), J

min 1100 1250-1550 min 10 min 27
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Table 2. Declared chemical composition.
o/oC o/oSi O/oMIl o/oP %S o/oCI‘ %Cu o/oNi o/oMO o/oB
max 0.21 max 0.5 max 1.4 max 0.02 max 0.005 max 0.8 max 0.3 max 3 max 0.7 max 0.005

2.2. Introduction to Welding S1100QLI

For the purposes of this study, welding of 51100QL had to be conducted; since SSAB’s
STRENX 1100 E/F was used in this study, all the producer’s available literature was
consulted. For successful welding of STRENX 1100 E/F, SSAB recommends two different
technologies, with and without preheating [19,20]. SSAB also gives recommendations
regarding the heat input and filler materials that are used for both technologies. Four plates
with dimensions of 200 mm x 500 mm X 12 mm were prepared, with the idea that two of
them will obtain two welded joints where each technology will be applied. The plates were
prepared and beveled for a V-butt joint. The prepared geometry is displayed in Figure 1,
and recommendations regarding welding technology are displayed in Tables 3 and 4.

50°
T

R,

Figure 1. Sketch of beveled plates and prepared groove for welding.

Table 3. Recommendations for welding S1100QL without preheating [19,20].

Technology A: Without Preheating

Preheating .
Temperature Max 120 °C
Heat input 8-12kJ/cm
Root pass G 18 8 Mn M12 shielding gas
Filler materials P (according to EN 12072) (according to ISO 14175)

Filler passes G 89 M21 shielding gas
P (according to EN ISO 16834)  (according to ISO 14175)

Table 4. Recommendations for welding S1100QL with preheating [19,20].

Technology B: With Preheating

Preheating .
Temperature Max 200 °C
Heat input 8-12 kJ/cm
Root and filler o
i i G 89 M21 shielding gas
Filler materials passes (according to EN IS 16834) (acconting 1o 5 24175)

Filler passes

Further details regarding the weldability of this steel can also be found in the pro-
ducer’s documentation. The carbon equivalent CET and CEV values calculated by the
producer are CET = 0.40 and CEV = 0.70 [19,20]. CET values above 0.35 and CEV values
above 0.45 imply bad weldability of the specific steel, indicated that preheating needs to be
used. Further details regarding the requirements for preheating based on the calculation of
carbon equivalent value are given in [21]. Both values point out that the weldability of this
steel is conditional and that precaution and special measures need to be taken when this
steel is to be welded.
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2.3. Welding Equipment

The authors of this paper decided to weld the prepared plates using a combination of
manual welding and a robotic console, both powered by Miller Electrics welding units, al-
lowing for Gas Manual Arc Welding (GMAW)welding to be conducted. The characteristics
of the welding unit and the display of the robotic console are displayed in Figure 2.

ELECTRIC MFG. LG

WUsA axey

(b)

Figure 2. The robotic console (a) and the characteristics of the GMAW welding unit (b).

2.4. Welding Technology A

The prepared plates were joined manually with several tack welds (Figure 3) to form
a groove for the weld metal to be deployed. For this technology, according to the steel
producer, the root pass was welded using an austenitic stainless-steel filler material and
without preheating. In this case, the G 18 8 Mn grade of filler material is recommended,
and according to recommendations, the authors chose SI Jesenice’s MIG 18/8/6 Si filler
material (SI Jesenice, Jesenice and Slovenia), since it fulfills the posed conditions. The
chemical composition and mechanical properties, as well as the recommended welding
parameters, are displayed in Tables 5-7 [22].

Figure 3. Display tack welded plates.

Table 5. Chemical composition of MIG 18/8/6 filler material.

%C %Mn %Si %Ni %Cr
0.08 7.0 0.8 9.0 18.5
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Table 6. Mechanical properties of MIG 18/8/6 filler material.
RpO.Zr MPa Rm, MPa A5, % KVZOQC, J
min 320 560-660 35 min 40
Table 7. Recommended welding parameters for MIG 18/8/6 filler material.
Welding Current, I, A Welding Voltage, U, V Shielding Gas
N/A N/A M12 (97.5% Ar +2.5% COy)

In this technology, preheating the prepared plates is not recommended due to the
possible effect of temperature on the properties of the weld metal. According to extensive
research experience in earlier work with similar steel grades, the authors chose to slightly
preheat the prepared plates before welding the root pass, even though the producer does
not recommend this. For this purpose, a liquid petroleum gas (LPG) torch was used to
achieve a preheating temperature of 120 °C (Figure 4). The idea was to clean the groove
and burn possible impurities found on the beveled edges. The preheating temperature was
measured on the plates, 100 mm away from the groove. Heat input is defined by the steel
producer, and it ranges from 8 to 12 k] /cm.

Figure 4. Plate preheating using LPG torch.

After the initial preheating was concluded, the manual welding of the root proceeded.
Since the root for this technology was welded manually, after the first pass, the deployed
root was ground from both sides and then welded again from both ground sides. This
ensured that the welded metal penetrated into the prepared plates. The welding parameters
of the root passes are presented in the above table.

According to the steel producer, for further welding of the prepared groove, the G 18
8 Mn filler material was changed to G89 grade. For these welds, a robotic console was used.
For this purpose, the authors chose ESAB’s ARISTOROD 89. This filler material complies
with the producer’s recommendations, and it is similar to the base material with slightly
lower strength. Chemical composition, mechanical properties, and recommended welding
parameters are displayed in Tables 8-10. The scheme of the deployed welds is presented in
Figure 5, and the welding parameters for each pass are shown in Table 11 [23].

Table 8. Chemical composition of ARISTOROD 89.

%C %Mn %Si %Ni %Cr %Mo
0.081 1.75 0.8 222 0.41 0.533
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Table 9. Mechanical properties of ARISTOROD 89.
Rpo.2, % R, % A KV_4°c/]
920 960 18 55
Table 10. Recommended welding parameters for ARISTOROD 89.
Welding Current, I, A Welding Voltage, U, V Shielding Gas
80-280 18-28 M21 (82% Ar + 18% COy)
Table 11. Welding parameters for each pass of the welded joint.
Type of Pass No. of Pass ILA UV Tp, °C vz, cm/s qi, J/em Q, I/min T;, °C
1 175 22 120 0.4 7700 20 120
Root pass 2 175 22 120 04 7700 20 120
3 175 22 120 04 7700 20 120
Filler pass 4 250 30.1 175 0.6 10,033 20 175
P 5 250 30.1 175 0.6 10,033 20 175
4 5
[ 1G188Mn
[ G89
13 2

Figure 5. Layer deployment scheme for technology A.

2.5. Welding Technology B

Technology B is the alternative technology recommended by the steel producer. Ac-
cording to the producer’s recommendations, this technology included preheating the
prepared plates, up to temperatures of 200 °C, and an application of just one filler material,
G89 (ESAB, North Bethesda, MD, USA). The recommendations regarding heat input are
the same as in the first case, between 8 and 12 k] /cm. The chemical composition, mechan-
ical properties, and recommended welding parameters of the filler material used were
previously displayed. Before welding was initiated, the plates were joined through several
small tack welds, the same as displayed in the figure. After tack welds were deployed,
preheating of the plates intended for technology B began. Preheating was completed using
a liquid petroleum gas (LPG) torch. The selected preheating temperature was 175 °C, and
it measured 100 mm from the position of the welded joint. The interpass temperature was
also 175 °C. The scheme of deployed welds is displayed in Figure 6, and the parameters
used are displayed in Table 12.

4 5

I G8s9

13 2
Figure 6. Layer deployment scheme for technology B.
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Table 12. Welding parameters for each pass of the welded joint.
Type of Pass No. of Pass ILA UV Tp, °C vz, cm/s qy, J/em Q, I/min T;, °C
Root pass 1 180 23.6 175 0.4 8496 20 175
2 250 30.1 175 0.6 10,033 20 175
Filler pass 3 250 30.1 175 0.6 10,033 20 175
p 4 250 30.1 175 0.67 8985 20 175
5 250 30.1 175 0.67 8985 20 175
2.6. Testing

=1
=

2.6.1. Tensile Testing

The aim of this paper is to display the tensile properties of S1100QL steel (SSAB,
Stockholm, Sweeden) and its welded joints at both room and elevated temperatures. Even
though this grade of steel is not meant for application at elevated temperatures, this test was
conducted as part of common practice among researchers to explore a material’s behavior
at various conditions. To determine the tensile properties from the base material, cylindrical
specimens were machined on CNC lathes. The geometry of the base material specimens
and an example of a finished specimen are displayed in Figure 7.

d,=8

=80 35
165

(a) (b)

Figure 7. (a) Geometry of base material specimens; (b) machined specimen.

Speciments for tensile testing of welded joints were also CNC machined on a lathe,
with similar geometry but different dimensions. In this case, the dimensions were altered
to assure the quality of the thread, as its quality is important for connecting specimens
with the testing machine. A sketch of the specimen’s geometry and a photo of a finished
specimen are presented in Figure 8.

128

(a) ()

Figure 8. (a) Sketch of specimen geometry; (b) finished specimen.

Tensile testing of all specimens was conducted on the universal tensile testing machine
ZWICK ROELL Z/100 (ZWICKROELL GmbH, Ulm, Germany) (Figure 9a). For testing at
elevated temperatures, a special MAYTEC, (Singen, Germany) heating chamber was used to
allow heating of the specimens (Figure 9b). This heating chamber allows the specimens to be
heated at temperatures up to 1000 °C. During the research, the maximum heating temperature
did not exceed 700 °C, and the test temperature ranged from room temperature up to 700 °C,
for both the base material and the welded joints. The heating chamber contains a special
control unit (Figure 9c¢) that allows the temperature to be controlled and monitored. Once
the chamber reached the desired temperature, the specimens were held at that temperature
approx. 2 min/1 mm of specimen diameter. The held time ranged from 12 min (for specimens
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of welded metal) to 16 min (for base material specimens). The test speed for all specimens
was 10 mm/min. For each case of testing, two specimens were broken.

Figure 9. (a) Universal testing machine; (b) Maytec heating chamber; (c) control unit.

2.6.2. Metallography Testing

Metallography tests were conducted on specimens obtained from both welded tech-
nologies. Specimens were carefully prepared (ground and polished), etched (with nitric
acid solution and aqua regia), and observed under various magnifications. The aim of
this investigation is to connect the obtained microstructures with mechanical properties
obtained through tensile testing.

2.6.3. Hardness Measurement

After the metallography tests, the prepared specimens were used to measure hardness
in the specific zones of the welded joint. Vickers method (HV 10) was applied. Since the
thickness of the welded plates was 12 mm, hardness was measured across the welded joint
in two different directions zone near the top and near the root (Figure 10).

—— — — — — X =\ — e — —phef ek — — — — — —

Figure 10. Directions of hardness measurement.

3. Results
3.1. Results of Tensile Testing at Room and Elevated Temperatures
3.1.1. Base Material

The results of tensile testing of the base material at room temperature are displayed
in Table 13 below. The yield stress and the ultimate tensile strength are within range of
values stated by the steel producer. The elongation values are slightly lower than expected.
The stress—strain curve for one of the specimens is displayed in Figure 11, and the broken
specimen is displayed in Figure 12.

Table 13. Tensile test results of base material at room temperature.

Rp0.2, MPa Rm, MPa A, %

1 1140.47 1391.77 7.30
2 1192.86 1395.10 7.73




Coatings 2025, 15, 696 11 of 28

Stress-strain curve for S1100QL at room temperature
1400

0 5 10 15

Strain, %

Figure 11. Stress-strain curve for S1100QL at room temperature.

Figure 12. Broken base material specimen after testing at room temperature.

The tensile test results for the base material at elevated temperatures are displayed in
Table 14. The results obtained indicate that this steel retains its strength at up to 400 °C.
At 500 °C, the strength drastically drops, and elongation begins to rise. This is due to the
influence of temperature on the material’s plasticity. Examples of the recorded stress—strain
curves for all the temperatures tested are displayed in Figure 13. Observing Figure 13, one can
notice a sudden drop in strength after 400 °C. Broken specimens are shown in Figure 14.

Table 14. Results of tensile testing of base material at elevated temperatures.

Specimen Number Rpo.2, MPa Rm, MPa A, % T, °C
1 1131.99 1379.02 6.86 100
2 1112.99 1374.06 6.77 100
3 1101.49 1370.09 5.35 200
4 1076.79 1375.45 6.05 200
5 1052.00 1416.95 7.85 300
6 1055.72 1436.45 743 300
7 1045.55 1373.82 12.07 400
8 1031.73 1334.91 12.35 400
9 876.27 983.98 7.21 500
10 846.36 936.09 7.87 500
11 568.02 627.38 10.51 600
12 575.58 606.96 13.55 600
13 253.95 272.49 30.07 700
14 241.66 259.30 38.8 700

Stress-strain curves for S1100QL at elevated temperatures

1400

1200 — 100-
1000 —200-
—300-
—400 -
—>500-
600 -

800
600
400
200 — 700 -

Stress, MPa

=2 a2 A A g A A

0 5 10 15 20 25 30
Strain, %

Figure 13. Stress-strain curves for base material at elevated temperatures.
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100°C

200°C

300°C

400°C

500°C

600°C

700°C

Figure 14. Broken base material specimens after testing at elevated temperatures.

At moderate temperatures (100-400 °C), the tempered martensitic microstructure of
51100QL softens slightly due to the partial relief of internal stresses and the facilitation
of dislocation movements. As the temperature rises, thermal activation eases the defor-
mation processes, resulting in increased ductility. Around 500 °C, dynamic strain aging
(DSA) typically occurs in quenched and tempered steels like S1100QL. DSA is caused by
interactions between diffusing carbon atoms and dislocations, creating localized pinning
and subsequent embrittlement. This phenomenon manifests as reduced ductility despite
elevated temperatures [24].

In Table 15, the mean values of the parameters and the standard deviation at each con-
sidered temperature for the base material are presented. Table 16 contains data regarding
the confidence intervals for each considered parameter at the 95% confidence level. These
two tables present basic data obtained through statistical analysis. Due to the small number
of measurements in one sample, the obtained data lacked precision. The confidence level
needed to display the expected value if the experiment was to be repeated under the same
conditions. Again, due to the small number of repetitions, this value has a wide range
of expected values. This range can be narrower if the number of measurements for each
specimen is increased.

Table 15. Mean values of the parameters and the standard deviation at each considered temperature
for the base material.

T °C RPO.ZI MPa RpO.Z/ MPa Rm, MPa Rm, MPa A, % A, %
’ Mean Value Standard Deviation Mean Value Standard Deviation Mean Value Standard Deviation
RT 1166.67 37.05 1393.44 2.35 7.52 0.30
100 1122.49 13.44 1376.54 3.51 6.82 0.06
200 1089.14 17.47 1372.77 3.79 5.70 0.49
300 1053.86 2.63 1426.70 13.79 7.64 0.30
400 1038.64 9.77 1354.37 27.51 12.21 0.20
500 861.32 21.15 960.04 33.86 7.54 0.47
600 571.80 5.35 617.17 14.44 12.03 2.15
700 247.81 8.69 265.90 9.33 34.44 6.17
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Table 16. Mean values of the parameters and the standard deviation at each considered temperature
for the base material.

Confidence Interval Confidence Interval Confidence Interval
T, °C Rpg‘z, MPa Rm, MPa A, %
Lower Bound Upper Bound Lower Bound Upper Bound Lower Bound Upper Bound
RT 833.83 1726.27 1372.28 1414.59 4.78 10.25
100 1001.78 1243.20 1345.03 1408.05 6.24 7.39
200 932.22 1246.06 1338.72 1406.82 1.25 10.15
300 1030.23 1077.49 1302.81 1550.59 4.97 10.31
400 950.84 1126.44 1107.17 1601.56 10.43 13.99
500 671.29 1051.34 655.78 1264.29 3.35 11.73
600 523.77 619.83 487 .44 746.90 0 31.34
700 169.73 325.88 182.10 349.69 0 89.90

Based on the results presented, the following can be concluded:

Yield Strength, RT to 100 °C: increases from 842.59 MPa to 898.29 MPa (likely due
to short-term strain hardening); 100 °C to 200 °C: drops sharply to 842.11 MPa and then
fluctuates mildly until 400 °C; 500 °C+: rapid decline (722.57 MPa at 500 °C, 247.74 MPa at
700 °C), indicating thermal softening. Standard Deviation: highest at RT (59.94) and 600 °C
(44.14), suggesting variability in material consistency at these temperatures.

Tensile Strength, RT: highest value (1008.48 MPa), decreases with temperature; 100 °C:
unexpected drop to 932.87 MPa (SD = 50.01, high variability); 200-400 °C: stabilizes near
890-946 MPa (SD lowers, consistent behavior); 500 °C+: sharp decline (756.88 MPa at 500 °C,
261.84 MPa at 700 °C). Standard Deviation Peaks: at 100 °C (50.01) and 600 °C (38.20).

Elongation, RT to 200 °C: ductility decreases (5.01% — 2.60% — 2.81%), likely due
to reduced plasticity; 300-500 °C: recovers slightly (4.66—6.89%), possibly from dynamic
recovery mechanisms; 700 °C: surge to 19.43% (SD = 2.57), indicating superplastic behavior
or material softening. Standard Deviation Variability: highest at 100-200 °C (~3.0) and
400 °C (3.00). Based on this analysis, 500 °C is marked as a critical threshold when all
properties degrade significantly, marking a limit for high-temperature applications.

3.1.2. Technology A

The results of tensile testing of the welded specimens at room temperature are dis-
played in Table 17. The results obtained are within expectations, with slightly lower
elongation, compared to the base material. This is a consequence of the heat input during
welding, which alters the microstructure of steel. The results obtained at room tempera-
ture are displayed in the table below. The stress—strain curve for one of the specimens is
displayed in Figure 15. An example of the broken specimen is given in Figure 16.

Table 17. Results of tensile testing specimens from technology A.

Specimen Number Rpo.2, MPa R, MPa A, %
1 884.97 1016.28 4.23
2 800.20 1000.67 5.79

Stress-strain curve Technology A: Room temperature
0

1000
800

600

Stress, MPa

400

200

6
Strain, %

Figure 15. Stress—strain curve at room temperature of the specimen welded with technology A.
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Figure 16. Broken technology A specimen after testing at room temperature.

The tensile tests results for welded specimens at elevated temperatures are displayed
in Table 18, and the recorded stress—strain curves are displayed in Figure 17 below. From
the results obtained and the showcased stress—strain curves, it can be noticed that with
increasing temperature the strength moderately drops. At temperatures up to 400 °C, the
strength is lower than at room temperature, but it is not dropping. At 500 °C and 600 °C,
the strength is slightly degrading, while elongation rises. Finally, at 700 °C, the strength
drops drastically, and the elongation values exceed 20%. Display of broken specimens is
given on the Figure 18.

Table 18. Recorded results for specimens from technology A at elevated temperatures.

Specimen Number Rpo.2, MPa Ry, MPa A, % T, °C
1 915.69 968.23 4.71 100
2 880.88 897.5 0.48 100
3 858.69 894.07 0.64 200
4 825.52 887.71 4.97 200
5 852.13 931.32 5.28 300
6 883.52 958.46 5.01 300
7 816.72 936.12 2.54 400
8 875.85 956.8 6.78 400
9 725.2 752.4 6.43 500
10 719.94 761.36 7.35 500
11 570.31 582.9 7.27 600
12 507.88 528.87 1.95 600
13 255.57 270.12 17.61 700
14 239.91 253.56 21.24 700

Stress-strain curves Technology A: Elevated temperatures

1200

1000 100

@ 800 —200
=

= 600 300

9 | —— 400

@ 400 | 500

200 — 600

0 — 700

0 5 10 15 20 25

Strain, %

Figure 17. Stress—strain curves for technology A specimens at elevated temperatures.

Figure 18. Broken technology A specimens after testing at elevated temperatures.
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In Table 19, the mean values of the parameters and the standard deviation at each con-
sidered temperature for the base material are presented. Table 20 contains data regarding the
confidence intervals for each considered parameter at the 95% confidence level. Here, it needs
to be highlighted that determination of the mean value, standard deviation, and confidence in-
terval was based on a single sample based on two measurements (two repetitions of a tensile
test); therefore, the data obtained cannot be taken into consideration with great precision.

Table 19. Mean values of the parameters and the standard deviation at each considered temperature

for Technology A.
T °C Rpo.2, MPa Rpo.2, MPa R, MPa R, MPa A, % A, %

4 Mean Value Standard Deviation Mean Value Standard Deviation Mean Value Standard Deviation

RT 842.59 59.94 1008.48 11.04 5.01 1.10

100 898.29 24.61 932.87 50.01 2.60 2.99

200 842.11 23.45 890.89 4.50 2.81 3.06

300 867.83 22.20 944.89 19.19 5.15 0.19

400 846.29 41.81 946.46 14.62 4.66 3.00

500 722.57 3.72 756.88 6.34 6.89 0.65

600 539.10 4414 555.89 38.20 4.61 3.76

700 247.74 11.07 261.84 11.71 19.43 2.57
Table 20. Mean values of the parameters and the standard deviation at each considered temperature
for the base material.

Confidence Interval Confidence Interval Confidence Interval
T, °C Rp0.2, MPa Ry, MPa A, %
Lower Bound Upper Bound Lower Bound Upper Bound Lower Bound Upper Bound

RT 304.03 1381.14 909.30 1107.65 0 14.92

100 677.13 1119.44 483.51 1382.22 0 29.47

200 631.37 1052.84 850.48 931.30 0 30.31

300 668.40 1067.25 772.47 1117.31 0 6.86

400 470.63 1221.94 815.08 1077.84 0 31.60

500 689.15 755.99 699.96 813.80 1.05 12.73

600 142.47 935.72 212.63 899.14 0 38.41

700 148.25 347.23 156.63 367.05 0 42.49

Based on the presented results, the following can be concluded for welding technology
A (Table 18):

Yield Strength, RT to 100 °C: peaks at 898.29 MPa (SD = 24.61); 500 °C+: sharp decline
to 247.74 MPa at 700 °C.

Tensile Strength, RT: 1008.48 MPa (SD = 11.04, highly consistent); 100 °C: sudden drop
to 932.87 MPa (SD = 50.01); 700 °C: falls to 261.84 MPa.

Elongation, RT: 5.01% (SD = 1.10); 700 °C: surges to 19.43% (SD = 2.57, ductile at
high temps).

Technology A outperforms the base material in precision (lower SDs, narrower Cls)
and predictability (consistent trends across temperatures). The base material is unreliable
due to extreme ClIs (e.g., Rm at 100 °C ranges from 483.51 to 1382.22 MPa), risk of brittleness
(0% elongation lower bounds), and critical temperature (500 °C+). Both materials weaken,
but technology A degrades more gradually.

3.1.3. Technology B

The tensile test results obtained show that at room temperature the yield stress and
ultimate tensile strength are slightly lower compared with the results obtained for Tech-
nology A’s welded joint. Elongation values are also lower than the results obtained with
technology A. The results are displayed in Table 21, and one example of a stress—strain
curve is displayed in Figure 19, and a broken specimen is shown in Figure 20.
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Table 21. Stress—strain curves for specimens from technology B.
Specimen Number Rpo.2, MPa Ry, MPa A, %
1 785.36 957.99 6.42
2 770.32 942.52 6.09

1200
1000
800
600
400
200

Stress, MPa

Stress-strain curve for Technology B: Room temperature

2 4 6 8 10 12
Strain, %

Figure 19. Stress—strain curve for technology B at room temperature.

Figure 20. Broken technology B specimen after testing at room temperature.

The results displayed (Table 22) show that the yield stress and ultimate tensile strength
values are similar up to 400 °C. At temperatures higher than that, the strength begins to
slowly degrade, which confirms the results of tests at 500 °C, 600 °C, and 700 °C. As the
test temperature increases, elongation values rise as well, reaching their maximum values
at 700 °C (Figure 21). The specimens after experimental testing are displayed in Figure 22.

Table 22. Results of tensile testing of technology B specimens at elevated temperatures.

Rpo2, MPa Rm, MPa A, % T,°C
1 804.06 852.77 2.07 100
2 853.51 907.97 3.77 100
3 839.35 890.94 548 200
4 802.99 864.89 593 200
5 817.02 881.62 5.58 300
6 826.54 894.79 5.55 300
7 813.49 916.18 4.96 400
8 808.82 923.54 7.21 400
9 693.82 764.70 6.40 500
10 709.17 762.53 6.65 500
11 551.01 567.03 7.21 600
12 539.35 558.16 744 600
13 234.40 24544 20.79 700
14 248.54 261.48 18.01 700

1000

800

600

400

Stress, MPa

200

Stress-strain curves for Technology B: Elevated temperature

—100
—200
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Figure 21. Stress—strain curves for specimens from technology B at elevated temperatures.



Coatings 2025, 15, 696

17 of 28

100°C

200°C

300°C

400°C

500°C

600°C

y— 700°C
Figure 22. Specimens from technology B after testing at elevated temperatures.

In Table 23, the mean values of the parameters and the standard deviation at each con-
sidered temperature for the base material are presented. Table 24 contains data regarding
the confidence intervals for each considered parameter at the 95% confidence level. As in
the previous case, due to a lack of repetitions, statistical data need to be carefully assessed.

Table 23. Mean values of the parameters and the standard deviation at each considered temperature

for technology A.
T.°C Rpo.2, MPa Rpo.2, MPa Ry, MPa Ry, MPa A, % A, %
/ Mean Value Standard Deviation Mean Value Standard Deviation Mean Value Standard Deviation
RT 777.84 10.63 950.26 10.94 6.26 0.23
100 828.79 34.97 880.37 39.03 2.92 1.20
200 821.17 25.71 877.92 18.42 5.71 0.32
300 821.78 6.73 888.21 9.31 5.57 0.02
400 811.16 3.30 919.86 5.20 6.09 1.59
500 701.50 10.85 763.62 1.53 6.53 0.18
600 545.18 8.24 562.60 6.27 7.33 0.16
700 241.47 10.00 253.46 11.34 19.40 1.97
Table 24. Mean values of the parameters and the standard deviation at each considered temperature
for the base material.
T.°C Confidence Interval, Ryo.2, MPa Confidence Interval, R,, MPa Confidence Interval, A, %
! Lower Bound Upper Bound Lower Bound Upper Bound Lower Bound Upper Bound
RT 682.29 873.39 851.97 1048.54 4.16 8.35
100 514.62 1142.95 529.68 1231.06 0 13.72
200 590.17 1052.17 712.42 1043.41 2.85 8.56
300 761.30 882.26 804.53 971.88 5.37 5.76
400 781.49 840.82 873.10 966.62 0 20.38
500 603.97 799.02 749.83 777.40 4.94 8.11
600 471.10 619.26 506.24 618.95 5.86 8.79
700 151.64 331.30 151.56 355.36 1.74 37.06

Based on the results presented, the following can be concluded for welding technology
B (Table 22):

Yield Strength, RT to 100 °C: increases from 777.84 MPa — 828.79 MPa (likely due
to initial strain hardening); 100 °C to 400 °C: gradual decline (828.79 — 811.16 MPa) but
remains stable (SD < 34.97); 500 °C+: significant drop (701.50 MPa at 500 °C, 241.47 MPa at
700 °C), indicating thermal softening.

Standard Deviation: lowest at 400 °C (3.30) and 300 °C (6.73) (high consistency),
highest at 100 °C (34.97) (possible experimental variability).

Conclusion: best performance at 100400 °C (high strength, low variability), avoid >
500 °C (rapid strength loss).

Tensile Strength, RT: 950.26 MPa (SD = 10.94, highly consistent); 100 °C: drops to
880.37 MPa (SD = 39.03, higher variability); 200-400 °C: stabilizes (877.92-919.86 MPa) with
improving SDs (as low as 5.20 at 400 °C); 500 °C+: sharp decline (763.62 MPa — 253.46 MPa).
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Standard Deviation Trends: most stable at 500 °C (SD = 1.53) and 600 °C (6.27).

Conclusion: optimal consistency at 300-600 °C (low SDs); critical threshold at 500 °C
(strength degradation begins).

Elongation, RT: 6.26% (SD = 0.23, very consistent); 100 °C: lowest ductility (2.92%,
SD = 1.20); 200-600 °C: recovers (5.57-7.33%) with minimal SDs (<1.59); 700 °C: surges to
19.40% (SD = 1.97), suggesting superplasticity.

Conclusion: ductility drops at 100 °C (may indicate embrittlement); excellent high-
temperature ductility (>600 °C).

When compared to technology A, technology B shows higher consistency, lower
standard deviation in Rpo2 (e.g., 3.30 at 400 °C vs. 41.81 in Table 18), more stable Ry
(SDs < 39.03 vs. 50.01 in Table 18) and improved ductility, and higher elongation at RT
(6.26% vs. 5.01%) and 700 °C (19.40% vs. 19.43%).

3.2. Metallography Investigation

Samples for metallography tests were cut from plates welded according to previously
described technologies. Metallography samples were carefully ground, polished, and finally
etched so that they could be observed under various magnifications. For technology A,
etching was completed using aqua regia, since the root pass was performed using stainless
steel filler material. A sample from welded plate B was etched using nitric acid solution.

3.2.1. Technology A

The macro view of the cross-section of the welded joint (Figure 23) clearly shows
a multi-pass GMAW weld, with a fully formed root and filler welds. The root of the weld
is symmetrical, with even distribution of heat-affected zones (HAZs) on both sides. In the
lower part of the joint, the root is made with austenitic filler material G 18 8 Mn, which
is characterized by a slightly lighter structure after etching, which indicates a different
chemical composition compared to the rest of the weld.

Figure 23. Macroscopic view of the plate’s cross-section.

In the middle and upper parts of the bead, several passes with the G89 filler material
are observed. Weld layers overlap well without visible porosity, inclusions, or discon-
tinuities. The fusion lines between the weld and the base material are clearly defined,
continuous, and without the appearance of macrocracks. The heat-affected zone (HAZ)
on both sides has a symmetrical shape, with a smooth transition into the base material,
without signs of overheating or disproportionate expansion.

The complete joint is characterized by excellent metallurgical connection and uni-
formity, as well as good penetration and geometric characteristics, which indicates well-
controlled welding parameters—heat input, preheating, and interpass temperatures.

The microstructure of both samples was observed with 200x magnification. The
results obtained for welding technology A are displayed in Figure 24.

In Figure 24a, the base material shows a homogenous, fine-grained martensitic struc-
ture without any segregations, carbides, or microcracks. The structure present shows the
results of the complex heat treatment of QL steel grades, which consists in quenching and
low tempering. This combination of heat treatment allows great strength to be achieved
while retaining decent toughness. The structure presented is to be expected in UHSS steel
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grades [25-27]. The microstructure of welded zones is very important from the aspect of
resistance to crack appearance in HSS, which is proven in [28,29].

Figure 24b clearly demonstrates alterations in the microstructure of HAZ compared to
the structure of the base material. These alterations occur due to fast cooling of the material
after welding. The structure obtained is heterogenous, and a few characteristic zones can
be observed. The upper zone on the figure shows a coarser structure, with the brighter and
darker zones highlighted. The structure in the lower zone is similar to the structure in the
upper zone. The structure of HAZ obtained probably results from the higher strength of
the HAZ and lower toughness.

(@) (b)

(e)

Figure 24. Microscopic view of the structures obtained in the plate welded with technology A under
200x magnification: (a) base material; (b) Heat-affected zone; (c) fusion line near the top surface;
(d) fusion line near the root; (e) weld metal.

The microscopic image given in Figure 24c is of the fusion zone and clearly shows
the transition between the weld metal (right) and the heat-affected zone (HAZ) (left). The
fusion line is clear, continuous, and without any defects, which indicates a good bond.

A clearly defined fusion line can be observed near the root of the weld zone
(Figure 24d), between the austenitic filler material (G 18 8 Mn) and the base steel S1100QL.
The transition between the two structures is smooth and defect-free, indicating good met-
allurgical bonding. The use of the austenitic filler material in the root is justified by its
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high toughness and stress absorption capacity, which is especially important in joints with
high-strength base steels such as S1100QL.

The microstructure of the weld metal (Figure 24e), obtained by using the high-strength G89
filler material, shows a complex structure. This weld metal in combination with the austenitic
root represents a well-balanced weld in terms of mechanical properties and toughness.

In Figure 25, a microscopic display of the same weld sample under greater magnifica-
tion (500 x) is given. In Figure 25a, the microstructure of the base metal is given. The given
structure can be described as tempered martensite with precipitated carbides. The given
structure is to be expected in this grade of steel, since it provides great balance between
strength and toughness. Precipitated carbides are observed, in smaller sections, formed as
a consequence of the tempering process.

(e)

Figure 25. Microscopic view of the structures obtained in the plate welded with technology A under
500x magnification: (a) base material; (b) HAZ; (c) fusion line near the top surface; (d) fusion line
near the root; (e) weld metal.

Figure 25b provides an image of the microstructure in the HAZ of the welded joint.
Again, structure alteration compared to the base material is clearly observed, and it was
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caused by heat input during the welding process. Tempered martensite with precipitated
carbides and a small addition of bainite is observed in the given figure.

In the micrograph displayed in Figure 25¢, the fusion line between zones is observed.
On the left, darker side, HAZ is shown, while on the right, brighter side the structure of the
weld metal is displayed. On the left side, fine-grained tempered martensite (TM) can be ob-
served, formed as consequence of the welding thermal cycle, while on the right side a coarse
martensite structure is seen, created as a consequence of fast cooling and solidification.

Figure 25d represents the fusion line between the weld metal and the base material but
in the lower portion of the welded joint where austenitic filler material was used. On the
graph, a complex structure can be observed that was formed as a consequence of joining
two different steel structures. The lighter zones show the austenite grains (A), while the
darker zones imply the presence of martensite (M) with precipitated carbides.

In Figure 25e, the microstructure of the weld metal is displayed. In the figure, coarse
lath-like martensite with carbide precipitates can be clearly observed. Due to fast cooling
and solidification, a coarse lath shape is obtained, worsening the mechanical properties of
the joint.

3.2.2. Technology B

A macrostructure view of a cross-section of a Technology A welded joint made of
51100QL steel with a thickness of 12 mm is presented in Figure 26. The joint was made
in five passes, where the root of the weld was formed with a lower heat input (8 kJ/cm),
while the other passes were realized with an energy of 10 kJ/cm, which achieved good
filling and bonding of the layers.

Figure 26. Macrostructure view of technology B welded joint cross-section.

A regular and symmetrical shape of the seam was observed, with a slight convexity
on the surface. The root of the seam is properly formed, with no observed defects such
as fusion failures, incomplete parts, or porosities. The contour of the weld shows clearly
defined thermal zones; darker zones along the weld border indicate the heat-affected zone
(HAZ), which is a consequence of the thermal cycle due to welding. Those zones are
most pronounced along the face and sides of the seam, where heat accumulated during
multi-layer welding.

The transitions between weld passes are noticeable and show a proper multi-layered
technique. The thermal etch color clearly differentiates the individual weld layers. There
are no visible microstructural discontinuities or defects, which confirms a good quality
applied technological process.

The dimensions of the HAZ and the shape of the welded bead are in accordance with
the expectations for high-alloy steel welded without PWHT, with controlled preheating
and interpass temperature.

In Figure 27, microstructures of the welded joint of technology B under 200x magnifica-
tion are presented. The structure of the base material is similar to the structure obtained in the
first case, so the same description regarding tempered martensite also fits here (Figure 27a).
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(@) (b)

() (d)

Figure 27. Microscopic view of the structures obtained in the plate welded with technology B under
200 x magnification: (a) base material; (b) HAZ; (c) fusion line; (d) weld metal.

The microstructure shown in Figure 27b shows the microstructure of the heat-affected
zone (HAZ), which was formed as a result of welding S1100QL steel without subsequent
heat treatment. Pronounced grain growth was observed relative to the base material, which
is characteristic of the coarse-grained zone of the HAZ (CGHAZ). The structure of this zone
indicates increased hardness but also increased brittleness, which can negatively affect the
fracture resistance of the welded joint under dynamic loading conditions.

Figure 27c shows the microstructure in the fusion zone of a welded joint of S1100QL
steel. The left side of the image represents the weld metal, while the right side is the heat-
affected zone (HAZ). The image was taken at a magnification of 200 x. The heat-affected
zone (HAZ) on the right side of the image shows typical characteristics of a coarse-grained
HAZ (GHAZ). The boundary between the weld and the HAZ is sharply defined, with
an abrupt transition in morphology and grain orientation. This micrograph is significant
because it clearly illustrates the microstructural contrast between the weld metal and the
heat-affected zone of the base material. Such changes in structure represent critical zones in
terms of mechanical integrity, as they are potential sites of stress concentration and fracture
initiation during service.

Figure 27d shows the microstructure of the weld metal obtained by welding S1100QL
steel with G89 wire (Aristorod 89). A homogeneous structure without observed segrega-
tions confirms that the welding was carried out with good heat control and the correct
cooling regime.
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Figure 28 presents microstructures in the characteristic zones of welded joints under
500x magnification.

(©) (d)

Figure 28. Microscopic view of structures obtained in plate welded with technology B under 500 x

magnification: (a) base material; (b) HAZ; (c) fusion line; (d) weld metal.

Figure 28a presents the structure of the base material. The structure displayed can
be described as fine needle-like tempered martensite with carbide precipitations along
the grain boundaries. A fine needle shape implies that the cooling speed of the joint was
controlled compared to the structures in the previous technology.

In Figure 28b, the structure of the HAZ is displayed. Due to welding temperature cycle,
alterations in the structures were introduced. On the presented micrograph, the structure of
the tempered martensite with precipitated carbides and the addition of a bainite structure
can be observed. This implies that slightly better mechanical properties are provided by
this technology compared to the first. The structure is homogenous without disruptions.

The micrograph in Figure 28c presents the structure of the fusion line between the
HAZ and weld metal. Due to longer exposure to high temperatures and faster cooling after
welding, a coarser martensitic structure is observed.

The structure presented in Figure 28d was observed in the weld metal. A coarse
martensite structure with a small portion of bainite islands is observed. Compared to the first
structure, in this case, the grains are finer; thus, better properties are expected in this case.
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3.3. Hardness Measurement
3.3.1. Technology A

The results of the hardness measurement are presented in Table 25 and in Figures 29 and 30.
Figure 29 displays the hardness of the upper portion of the welded joint, near the top surface.
The results obtained of hardness coincide with the microstructures obtained in the welded
joint. Here, it needs to be emphasized that the hardness of the weld metal in the root is
drastically lower than in the upper zone. This is due to the application of an austenitic
filler material with lower hardness. In the upper portion of the weld metal, a martensitic
structure is obtained; thus, greater hardness values were measured.

Table 25. Hardness distribution in the welded joint of technology A.

Technology A
Direction/Zone BM HAZ FL WM FL HAZ BM
No. 2 3 1 2 1 1 2 3 1 2 1 2 3
I-1 373 370 370 325 322 319 425 420 425 327 330 325 394 390 397
II-11 387 383 373 311 309 309 220 228 232 336 311 306 387 390 390
Direction |-
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425 40 425
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400 373 370 370 319 /igL
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Figure 29. Hardness distribution throughout direction I-I on the technology A welded joint.
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Figure 30. Hardness distribution throughout direction II-II on the technology A welded joint.

3.3.2. Technology B

The results of the hardness measurement are presented in Table 26 and in Figures 31 and 32.
Figure 31 displays the hardness of the upper portion of the welded joint, near the top surface.
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In this technology, only one filler material was used, which is similar to the base material,
and the hardness in almost all zones in both directions has similar values. This implies that
the structure of whole weld is homogenous.

Table 26. Hardness distribution in welded joint of technology B.

Technology B
Direction/Zone BM HAZ FL WM FL HAZ BM
No. 1 2 3 1 2 1 1 2 3 1 1 2 1 2 3

I-I 397 397 394 325 333 383 306 311 325 380 372 342 387 405 409
1I-11 394 387 387 309 303 318 310 310 302 311 297 314 403 405 417

Direction I-1

500

4l 397 397 394 383 380 e 405 409

373
400 —_— —

s 342
350 {2‘5’/ 306-311 323
300

Z 250
200
150
100

50 BM HAZ WM HAZ BM

FL
FL

Figure 31. Hardness distribution throughout direction I-I on the technology B welded joint.

Direction II-II
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450 PAM L5
394 387 387 g3
400

N 318 311 /_/
350 3093p3 | 310 310 307 314
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FL
FL

Figure 32. Hardness distribution throughout direction II-II on the Technology B welded joint.

4. Discussion

Tensile testing results for base material S1100QL show that this steel retains high
strength up to 400 °C. Up to this temperature, values of the yield strength and ultimate
tensile strength show very slight degradation. At temperatures over 400 °C, strength
degradation is significant while ductility increases. At 500 °C, a critical point is observed
since the strength suddenly drops at that temperature. The results are in accordance with
previous results where the behaviors of similar steels at elevated temperatures, such as
S690QL and H11, were studied. Degradation of strength was also observed in those studies
between 450 °C and 550 °C.
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Regarding welded joints, one can notice that the welding technology had a significant
impact on the strength and other mechanical characteristics of the welded joints. Technology
A, where two filler materials were combined, an austenitic filler material for the root and
a steel wire for the other passes, shows higher yield strength and tensile strength compared
to technology B. However, elongation values are lower for technology A. This is probably
due to heterogeneity of the microstructure and the sharp transition between zones with
different materials in the welded joint. This is supported by significant differences in the
hardness of the root (austenitic weld metal) and the rest of the weld (martensitic-bainite
structure). This can cause localized stress and initiate cracks when subjected to load.

Technology B uses only one filler material, G89 (ARISTO ROD 89), for the whole
welded joint. This results in a joint with a more homogeneous microstructure throughout
the whole welded joint. The results of the hardness measurement confirm this, since the
values obtained are almost uniform along the joint. Even though Technology B has slightly
lower strength values compared to technology A, a homogenous structure can lead to better
reliability of the welded joints, especially under variable load conditions.

Throughout the analysis, microstructure differences in weld behavior have been
confirmed. The presence of different structures in technology A (martensite, bainite,
austenite), especially in the weld metal and the HAZ, indicate that the material was
subjected to a complex thermal cycle and that there is possible stress accumulation. On
the other side, in technology B, a more uniform microstructure with a well-formed fusion
line and pronounced lath martensite throughout the weld was observed, in contrast to
the structures obtained in technology A. This is expected for UHSS steels welded without
subsequent heat treatment.

Analyzing the behavior of welded joints at elevated temperatures, one can notice that
up to 400 °C, the mechanical properties and primary strength do not degrade significantly.
This potentially sets a limit for the safe operation of structures made of S1100QL steel and its
welded joints up to that temperature. Between 500 °C and 600 °C, an even greater decrease
in the strength of both the base material and the welded joints occurs. At 700 °C, the
decrease in strength is even higher, but an increase in the material’s ductility is observed.
This ductility increase is directly connected to the increased dislocation mobility and
relaxation of the martensite structure under the influence of temperature.

The results displayed show that for structures exposed to elevated temperatures, it
is advised to produce that structure using welding technology B due to the homogenous
structure and stable mechanical properties. Technology A offers a higher level of strength,
but at the cost of heterogenous structure and the possible presence of local weak points.

5. Conclusions

In this article, the mechanical properties of UHSS S1100QL and its welded joints at
room and elevated temperatures were experimentally tested and analyzed. Based on the
experimental results, the following conclusions can be drawn:

e S51100QL holds high strength up to 400 °C. Above this temperature, at 500 °C or
above, there is a sudden decrease in the yield stress and ultimate tensile strength. Vice
versa, elongation values increase due to the increase in material plasticity. The critical
temperature for the use of this steel without significant strength loss is 400 °C.

e The welded specimens indicated that the mechanical properties of the welded joint
depend on the applied welding technology. Technology A uses a combination of
austenitic and steel filler material, resulting in higher joint strength but lower ductility
and structural heterogeneity. These potentially affect the concentration of stress and
the presence of local damage.
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e  Technology B only uses G89 (ARISTOROD 89) filler material and provides welded
joints with a homogenous microstructure. This is confirmed throughout the hardness
measurement along the entire joint. Even though the strength of the joints is slightly
lower compared to technology A, a homogeneous structure contributes to more stable
behavior under variable load conditions.

e  Analyses of the microstructure confirm the presence of a martensite and bainite struc-
ture in the weld metals and heat-affected zones. Depending on the weld technology,
differences in phase distribution and grain size are observed. Technology B showed
a more uniform microstructure and better integration of the weld zones and the
base material.

e  For future structures operating at elevated temperatures, application of technology B
is recommended, since it provides better reliability and homogeneity of the structure,
while technology A is more suitable when high strength is the priority. In this case,
careful analysis of loads and operating conditions needs to be conducted.

This study allows for a better understanding of the behavior of S1100QL steel and
its welded joints at high temperatures. This is of great importance for the safe design of
reliable structures made of this advanced steel.
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