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Abstract

High-strength low-alloyed (HSLA) steels with yield strength/proof stress > 600 MPa are the basis of modern light-weight
steel constructions. Indeed, the economic and ecological benefits strongly depend on their processability in terms of weld-
ing. In this context, the use of highly productive welding processes and suitable welding consumables is of vital interest
and requires a fundamental understanding of the microstructural changes in the HSLA steel and especially the heat-affected
zone (HAZ) of the welded joint. Microalloying elements, such as Ti or Nb, are essential to achieving the desired mechanical
properties. To analyse the weldability, three-layer welds were performed using gas metal arc welding (GMAW) and critical
microstructures, such as areas of the HAZ that exhibit significant softening or hardening, were identified. The effect of the
softened HAZ region on failure was evaluated using cross-weld tensile specimens. Digital image correlation (DIC) was
used for in situ monitoring of the development and accumulation of the local strains in different HAZ regions during tensile
testing. Using a specially designed mirror system, the local strains of the microstructure zones on the top and bottom of the
weld were recorded simultaneously. In addition, the analysis of the local deformation helps to understand the effects of the
softened HAZ on the global strain, the reduction in area, the fracture position, and the overall fracture behavior.

Keywords High-strength structural steel - Microalloying influences - HAZ-softening - Digital Image Correlation -
Constraint effect - Thermodynamic simulation

1 Introduction

The development of high-strength low-alloy (HSLA)
steels has garnered significant interest due to their poten-
tial to reduce weight across various applications, includ-
ing building construction, offshore structures, and mobile
crane construction. These steels are distinguished by their
combination of high strength and toughness, along with
excellent formability and weldability, attributed to their
low carbon equivalent (CE). Due to increasing operational
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demands, these steels and their welded joints are subject
to high requirements [1-3]. These challenges are met by
the chemical composition, in particular by the addition of
microalloying elements such as Nb, Ti, and V, as well as by
adjusting the microstructure during the steel manufactur-
ing process, which includes an additional tempering process
after quenching (QT steels) [4, 5]. Current standards (like
the EN ISO 10025-6 [6]) specify the chemical composi-
tion necessary to achieve the desired mechanical proper-
ties. This allows steel manufacturers to use a wide tolerance
range when selecting alloying elements, resulting in signifi-
cant variations in chemical composition between different
manufacturers [7]. Regarding the weldability of these steels,
the metallurgical behavior in the heat-affected zone (HAZ)
may vary considerably depending on whether the base metal
(BM) contains a high or low concentration of the respec-
tive microalloying element. Previous studies on single- and
three-layer welds using identical filler metals have demon-
strated that Nb-microalloyed HSLA steel exhibits a ten-
dency to harden in the HAZ [8]. In contrast, Ti-microalloyed
steel exhibits pronounced softening in the subcritical and
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intercritical HAZ regions [9—13]. This indicates a potentially
divergent mechanical behavior of the welded joint depending
on the microalloying concept of the BM, particularly in the
weld metal (WM) and the HAZ.

Regarding the assessment of the softening effect on
mechanical properties, several studies have focused on
the influence of welding parameters on the resulting weld
microstructure and its impact on mechanical performance
[11, 14—-17]. However, there are few studies on how the
systematic variation of specific chemical elements, such as
the microalloying elements Ti, Nb, and V, affects the weld
strength. The focus of this investigation lies on the softening
phenomena within the HAZ. Particular attention is given
to the influence of different microalloying concepts on the
resulting local mechanical properties within distinct weld
zones, as well as on the global mechanical performance of
the joint. Many authors have analysed the influence of sof-
tening intensity on weld strength using empirical parameters
such as the relative thickness “Xg,” (ratio of the width of
the softened HAZ “wy, *“ in [mm] to the sheet thickness ¢ in
[mm]) of the softening zone [13, 18-20]. A guideline was
established for conventional steels, stating that “wg,” should
not exceed 25% of the welded plate thickness “t”. A strong
softening in the HAZ, which is dependent on the chemical
composition and the welding heat input, leads to the fail-
ure of the weld seam during tensile testing in the softening
area [13, 21, 22]. In addition, some authors [23-25] have
investigated the influence of Ti addition on the mechani-
cal properties of HSLA steels. However, the investigations
have focussed more on the impact toughness. Studies [26,
27] have found that TiN inclusions in bainitic steel can
serve as crack initiation sites for cleavage fractures within
the thermally simulated CGHAZ. With regard to a titanium
microalloy, it should be pointed out that Ti is an element
that inhibits austenite grain growth significantly [28, 29].
However, the amount of large TiN inclusions increases with
the Ti content. In reference [30] it was shown that the pres-
ence of coarse TiN inclusions has a negative effect on the
low-temperature impact toughness. The stoichiometric ratio
Ti/N of 3.42 is considered ideal for influencing austenite
grain growth [31].

For this reason, the present study is focused on the effect
of different Ti contents on the properties of a HSLA steel
S690QL. Modified spray arc, a controlled high-performance
arc welding process, was employed for welding. Subse-
quently, cross-weld tensile specimens were prepared, and
the global mechanical properties were determined. In addi-
tion, digital image correlation (DIC) was used to examine
the local mechanical properties of the different weld micro-
structures with focus on the HAZ and WM.

2 Materials and methods
2.1 Materials

For a systematic investigation of the influence of Ti micro-
alloying on the weldability with regard to the BM, three
S690QL type steel melts were produced and heat-treated: (1)
as reference, a melt without any intended addition of microal-
loying elements and two melts with a (2) low and (3) higher
Ti content. In accordance with the manufacturing specifica-
tions for HSLA steels in the quenched and tempered (Q+T)
condition, 15-mm-thick plates were fabricated by voestalpine
Grobblech GmbH, Linz, Austria. To systematically assess the
effect of Ti content within the permissible chemical compo-
sition limits defined in [6], targeted variations in Ti concen-
tration were implemented. For the welding experiments, a
commercial solid filler wire G69 (diameter of 1.2 mm) was
employed, in accordance with ISO 16834 [32]. The chemical
composition of the investigated materials is summarized in
Table 1. The notation ‘B’ is used for Ti-microalloyed S690QL.
Since the notation ‘A’ was already introduced in [10, 33] for
Nb-microalloyed S690QL, this scheme is retained in the pre-
sent work for better comparability. Elemental analysis was
performed using optical emission spectroscopy (OES) with
a Spectro LabM system from SPECTRO Analytical Instru-
ments GmbH. The nitrogen and oxygen content of the base
materials (BM) was determined using carrier gas hot extrac-
tion (CGHE) (G8 Galileo). Table 2 provides an overview of
the mechanical properties of the investigated base material
and the solid wire filler metal used.

Table 1 Chemical composition

cal ¢ Element C Si Mn C Cu Mo Ni Al Nb T N 0
of tested materials in wt.-% by
OES, Nand O content measured ~ BM: stand.’ 020 0.80 1.70 1.50 0.50 0.70 4.0 0.06 005 0015 na
using CGHE (Fe-balance) BM: Ref 010 029 1.66 017 002 032 020 0.10 - -1 0.0065 0.0081
BM:B(Ti-) 009 028 1.8 0.17 002 031 019 010 -! 0.016 0.0071 0.0070
BM: B (Ti+) 009 028 1.8 0.17 002 032 0.19 010 - 0.032  0.0073  0.0069
WM: G69® 009 043 132 02 009 055 143 0002 0001 0019 0007 nd

n.a. not available, n.d. not detected.! Amount smaller than detection limit. ?In accordance with EN 10025-6
S690QL. Yn accordance with EN ISO 16834-A-G 69 6 M Mn4Nil.5CrMo, chemical composition from

producer test report

@ Springer



Welding in the World

Table 2 Mechanical properties

i - Property Yield strength Tensile strength Elongation  Impact toughness Hardness (HV)
of tested materials Ry Rm at fracture Av
(MPa) (MPa) A5 J, at =40 °C)
(%)
BMs?¥ 690 770 to 940 14 Min. 27 284.2 (HV1)®
WM: G 69”733 811 214 87.7 264.3 (HV10)

YEN 10025-6 S690QL, properties in accordance with standard
YEN ISO 16834-A-G 69 6 M Mn4Ni1.5CrMo, properties from manufacturer test report

9Hardness testing

2.2 MAG welding

Automated metal active gas (MAG) welding was utilized to
produce three-layer welds under free shrinkage conditions,
using an Alpha Q 552 power source (EWM GmbH, Ger-
many). A modified spray arc was applied within a controlled
power range, which was defined by the voltage-current
parameter (V/I) operating range. The welding experiments
were performed on plates with dimensions of 300 mm in
length and 150 mm in width. The welding seam preparation
followed a V-groove configuration with a total opening angle
of 30°, achieved by machining a chamfer of 15°.

To ensure consistent thermal conditions, the preheat-
ing and interpass temperatures were maintained at 100 °C
throughout the welding process. The shielding gas employed
was an M21 (in accordance with DIN En ISO 14175 [34]),
comprising 82% Ar and 18% CO,. The welding speed was
set to 400 mm/min, and direct current (DC) polarity was
used with a welding current ranging between 262 and 280
A and an arc voltage of 24 to 26 V. The average welding
heat input was determined to be 1 kJ/mm, while the cool-
ing time Afg/s, measured using a laser pyrometer, averaged
7.8 s. To monitor the thermal conditions during welding,
K-type thermocouples (wire thickness: 0.25 mm) were
attached to both the top and root sides of the welding plates.
The acquired temperature data facilitated an in-depth assess-
ment of the cooling conditions and their impact on the weld
microstructure.

2.3 Metallographic analysis, SEM, and hardness
measurement

2.3.1 Sample preparation, and characterization

The samples for the metallographic investigations were
cut from the welded plates transverse to the welding direc-
tion and from the centre of the weld seam. They were
embedded in conductive embedding compound, mechani-
cally ground, and polished to 1 pm. Finally, they were
etched with 2 wt.% Nital etchant for 10 to 15 s at room
temperature. Scanning electron microscopy (SEM) of the
HAZ microstructure was performed using a Phenom XL

tabletop SEM (Thermo Fisher Scientific). The acceleration
voltage used was 15 kV. The fracture surface topography
of the fractured cross-weld tensile specimens was analysed
using a Tescan Vega 3 XLH SEM (TESCAN GmbH). The
acceleration voltage used was 20 kV. The chemical analy-
sis of precipitates that were found on the corresponding
fracture surface was carried out using an EDS detector X
Max 80 (Oxford Instruments) coupled to the Tescan Vega
3 XLH SEM.

2.3.2 Hardness measurements

To identify the hardness distribution in the weld, hardness
measurements were performed on cross-sectional samples
using the ultrasonic contact impedance (UCI) method, in
accordance with ISO 50159-1 [35]. The hardness indents
were made on ground, polished, and etched samples
using the hardness scanner UT-200 from BAQ GmbH.
The applied load was 4.903 N (HVO0.5), with indentations
placed at 0.2-mm intervals in both the x- and y-directions,
and a dwell time of 0.5 s. Furthermore, HV1 Vickers hard-
ness rows (according to ISO 6507-1 [36]) were positioned
along each layer to enable a quantitative evaluation of the
hardness distribution. The distance between each hardness
indentation in the WM and the BM was set to 0.5 mm. In
contrast, the spacing between the hardness indentations
within the HAZ was chosen to be finer, at 0.25 mm. Subse-
quently, the maximum softening ratio R, o in % (Eq. 1)
for each layer was determined, which describes the per-
centage decrease in hardness in the HAZ relative to the
maximum hardness in the heat-unaffected BM.

min. HV1y,,

Rmax.Sofl = <1 - ) x 100% (D

max.HV1gy,

where min. HV 1y, , refers to the locally measured minimum
HV1 hardness in the HAZ, and max.HV 1), represents the
locally measured maximum HV1 hardness in the heat-unaf-
fected BM. Consequently, the region with the lowest hard-
ness corresponds to the maximum softening rate and the
most pronounced softening behavior of the joint.
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2.4 Thermodynamic simulation of precipitation
kinetics

Thermodynamic modelling was conducted using the
Thermo-Calc 2023a software (for thermodynamic equi-
librium phase diagrams), details see [37]. For this study,
the Fe-database “TCFE11” and the kinetics database
“MOBFE6” were utilized. To determine the precipitation
behavior of the three microalloyed BMs, phase diagrams
were calculated in the equilibrium state (considering all
alloying elements from Table 1). The volume fraction of
phases (normalized to a total system size of 1 mol) was
calculated as a function of temperature, ranging from 500
to 1600 °C. This analysis provided fundamental insights
into the differences in precipitation behavior between the
materials in the equilibrium state. Furthermore, ThermoC-
alc was used to determine the site fraction of the Ti precip-
itates as a function of temperature in the equilibrium state.
This allows predictions to be made about the percentage of

[a) ]

/gl

Fig.1 Test setup for quasi-static cross-weld tensile tests with strain
monitoring via DIC: a general overview; b close-up of the test setup
with clamping jaws, cross-weld tensile specimen, installation with

Fig.2 Specimen geometry
of the cross tensile specimen

extracted from the plate thick-
ness centr of a welded plate

a specific constituent that is occupied in the crystal lattice
during cooling.

2.5 Instrumented DIC cross-weld tensile test

Locally, different weld microstructures can have very differ-
ent mechanical properties. To determine which local weld
microstructure was decisive for the (necking and) failure of
the specimen during the tensile test, digital image correla-
tion (DIC) was used (Fig. 1). This enabled the in-situ iden-
tification of local strains in both the WM and in the HAZ.
For this purpose, flat transverse tensile specimens were
extracted from the centre of the welded 300 mm by 300
mm sheets, as depicted in the schematic diagram (Fig. 2).
Therefore, in terms of volume, almost exclusively the fill-
ing layer was tested. The geometry of the tensile specimens
was designed in accordance with the ISO 4136 [38] stand-
ard, with a gage length of 70 mm and a sample thickness
of 5 mm (Fig. 2). The specimens were then subjected to

Weld top sidclLI\Veld root sidd]

Surface mirrol
60 mm x 85 m

the surface mirrors and DIC system with cameras and light sources;
¢ setup of the arrangement of the surface mirrors and the cross-weld
tensile specimen; and d surface mirrors with the self-made fixture

WM A

HAZ
\ @/ r
v

N
()]

HAT

¥ R

70—

290 -

HAZ N —HAZ lon |

Cross-weld

LS Y d

tensile specimen
(acc. to ISO 4136)

@ Springer

HAZ



Welding in the World

quasi-static transverse tensile testing on a 250 kN servo-
hydraulic tensile testing machine (Schenck GmbH, Ger-
many, see Fig. Fig. 1a). The test speed was set to 8.75
um/s (displacement-controlled), which was equivalent to a
strain rate of 2.5x 107> s™'. After positioning the specimen
in the tensile tester jaws, an initial preload of 1000 N was
applied. The camera system for the in situ strain analysis
was then checked and the data acquisition unit was started.
Data acquisition, such as force and displacement, during the
tensile test was carried out using the “InstronConsole” and
“Instron Wavemaker” control programmes.

The tensile load in the weld seam leads to heterogeneous
strain reactions in the different weld regions, which conven-
tional, physically attached strain transducers, such as the
extensometer, are not able to measure.

The DIC technique offers an excellent opportunity to
carry out strain analyses using optical systems; in this case,
the ARAMIS Adjustable System with 2 X 12-megapixel
cameras (Fig. 1a and b). The acquisition rate of the DIC sys-
tem was 1 Hz. This means that one frame was recorded every
second. For this purpose, each successive image was ana-
lysed in relation to its immediately preceding counterpart.
The initial image was acquired under a nominal “zero” load
condition, corresponding to the specified preload of 1000
N. An internal deviation of + 2% must be considered for the
strains determined by DIC. A requirement for accurate DIC
analysis is the presence of a high-contrast stochastic pattern
on the sample, which is necessary for the GOM software to
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recognise the displacement of the sample during strain. To
ensure the necessary contrast, a black pattern was manually
applied to a white background.

A special feature of the tensile tests carried out in this
work was that the entire DIC system was extended by a sur-
face mirror system. This mirror system consists of a self-
made fixture with two surface mirrors attached to it (with a
surface area of 85 mm X 60 mm) (Fig. 1d), which are coated
with enhanced aluminium. The mirrors can be moved in two
directions so that the test area can be captured precisely. The
mirror was positioned behind the transverse tensile speci-
men in such a way that it was possible to measure the dis-
placement on three surfaces of the specimen at the same
time (Fig. 1b and c). This made it possible to determine the
strain behavior in the root and top layer and on the speci-
men thickness during the tensile test (see Fig. 3a and b). The
resulting image series of the weld seam was analysed using
the GOM Correlate software (Carl Zeiss GOM Metrology
GmbH, Germany).

For this purpose, points were set along the y-direction, i.e.
transverse to the weld seam, to be able to determine local
strain in the various weld seam areas. This evaluation was
only carried out on the top layer side of the cross weld ten-
sile specimen (Fig. 3a, evaluated strain distribution marked
with the magenta-coloured arrow). In addition, sectional
planes were placed for each side of the three analysed sides
of the tensile specimen (Fig. 3b, evaluated strain distribu-
tion marked with the magenta-coloured arrow). This made
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Fig. 3 Positions of the points along the cross weld tensile specimen of the grade B (Ti-): a points marked with arrows were taken for the evalua-
tion of the local strain in the HAZ and WM and b position of the section planes for evaluating the strain distribution along the y-direction

@ Springer



Welding in the World

it possible to determine the exact strain distribution, or the
main deformation in the y-direction, over the entire time of
the tensile test in the cross weld tensile specimen. Of par-
ticular interest here was the strain distribution in the elastic
range when the maximum force was reached and shortly
before fracture.

For the comparative assessment of mechanical properties
obtained from the cross-weld samples, tests were conducted
in accordance with EN ISO 6892-1:2020-06 method B [39]
using specimens of the type E/5 % 25. These tests were per-
formed for all investigated materials. Due to limited material
availability, tensile testing was restricted to two specimens
per condition. Additionally, the impact toughness of the
HAZ was evaluated using V-notch Charpy impact samples
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in accordance with EN ISO 148-1:2017 [40]. The testing
temperature was set to —40 °C.

3 Results and discussion

3.1 Thermodynamic calculation of precipitation
behaviour of base materials

The temperature-dependent phase diagrams of the various
microalloyed grades were calculated using Thermo-Calc.
Figure 4a shows the equilibrium volume fractions of pre-
cipitates formed in the austenitic phase region as a func-
tion of temperature for all three BMs investigated. All BMs
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Fig.4 Thermodynamic calculations for investigated BMs: a equilibrium phase fraction of precipitates (in as-received condition), b site fraction
of all constituents in Ti-precipitates of grades B (Ti—) and B (Ti+), ¢ enlargement from diagram b) (area marked with rectangle)

@ Springer



Welding in the World

investigated contain Al, as Al is used as a deoxidising and
grain refining element in steel production. It can therefore be
assumed that AlO is present in the microstructure. The simu-
lations reveal that, in all three investigated alloy concepts,
the Al,Os (corundum) phase forms at 7,,=1930 °C. The
corresponding volume fraction amounts to 4.0x 10~* mol.
In addition, the thermodynamic simulation shows that the
reference grade, which contains neither Ti, V, nor Nb, shows
only AIN precipitates at 1110 °C. When the temperature
decreases to 500 °C, the phase volume fraction stabilises
at 3.4 x 107 mol (scaled to 1 mol of the total system size).

The precipitation behavior of grade B (Ti-) shows the
same AIN precipitation behavior in the equilibrium state as
the reference grade. In addition, TiN forms in the austenitic
matrix of grade B (Ti—) at a temperature of 1490 °C. The
corresponding volume fraction after cooling at 500 °C is
3.1x 10" mol. Grade B (Ti+), which contains twice the
wt.-% of Ti as grade B (Ti—), contains TiN, which begins to
precipitate in the austenitic matrix at 1500 °C. The volume
fraction of TiN is 6.1 x 10 ~*™°!_ It can also be observed that,
in grade B (Ti+), AIN precipitates form at a comparatively
lower temperature of 878 °C, with a corresponding volume
fraction of 2.1 x 10~* mol.

To gain a better understanding of the precipitation
kinetics and these calculated differences in precipitation
temperature and volume fraction of Ti-precipitates in the
equilibrium state, site fraction calculations were carried out
(Fig. 4b and c). In both steel grades B (Ti—) and B (Ti+),
precipitation begins in a metal lattice filled with Ti and a
non-metal lattice containing almost only N. Both exhibit a
comparable site fraction of N at the beginning of solidifica-
tion: B (Ti—)y=0.87 and B (Ti+)y=0.91. Considering the
oxygen content and the fact that titanium is a strong oxide
former, it becomes evident that Ti oxides are not stable at
lower temperatures. They form predominantly at elevated
temperatures. It can be observed that, at higher temperatures
(T,,= 1600 °C), the crystal lattice is occupied by oxygen
with a site fraction of 0.097 in grade B (Ti—) and 0.056 in
grade B (Ti+). Below 1200 °C, no thermodynamic equilib-
rium exists for TiO. During slow cooling, carbon diffusion
into TiN occurs in both grade B (Ti—) and grade B (Ti+).
Under equilibrium conditions, the incorporated carbon
remains minimal, with site fractions of 0.015 and 0.023,
respectively. Ti is an element that tends to form nitrides
at higher temperatures [41]. If carbon enters during diffu-
sion, it generates larger lattice parameters due to its stronger
interaction with metals. This is why carbonitrides are much
larger than pure nitrides. As the simulation has shown, car-
bonitrides (C-N) form at higher temperatures and have a
greater thermal stability range. They only dissolve at higher
temperatures or require a longer period, in which they are
exposed to a specified temperature range. At the same time,
this means that the microstructure can have many coarse

Ti inclusions and that, after a certain solubility limit of Ti,
no fine Ti precipitates can form, which can inhibit grain
growth as part of the pinning effect. These results support
the assumption that with a stoichiometric ratio Ti/N <3.42,
finer TiN precipitates are present in the matrix. For grade B
(Ti—) the stoichiometric ratio was 2.25, while for grade B
(Ti+) it was 4.38. This suggests that the TiN precipitates/
inclusions are coarser in grade B (Ti+).

3.2 Microstructure of the softened zone

Figure 5a— to f presents SEM images of the softened subcrit-
ical heat-affected zone (SCHAZ) within the filler material
layers (as indicated in Fig. 6, marked by rectangles) for each
material grade. This region undergoes repeated tempering
due to the three-layer welding technique. Microstructural
analysis of the softened HAZ reveals that partial phase trans-
formations have occurred in the three HAZ regions, though
the resulting transformation products exhibit significant dif-
ferences. Cooling conditions measured during the welding
experiments have shown that these areas are subject to peak
temperatures of up to 690 °C. This is above the temper-
ing temperature of the BM S690QL. At these temperatures
and during multi-pass welding, complex reactions such as
recrystallisation, grain coarsening, dissolution and precipita-
tion coarsening, new precipitate formation, and phase trans-
formation can take place.

Figure 5 illustrates the microstructure differences
between the initial condition and the welded condition
within the subcritical heat-affected zone (SCHAZ) of the
filler layers. The initially bainitic-martensitic microstructure
of the BM is completely dissolved as a result of multiple
tempering cycles. The BMs in their initial condition differ
in grain size, as determined by the line intercept method:
reference grade (16.7 +1.4) um, grade B (Ti—) (12.2+1.2)
um, and grade B (Ti+) (13.0+0.9) um. This demonstrates,
on the one hand, that microalloying with Ti is highly effec-
tive in inhibiting austenite grain growth. On the other hand,
it confirms the assumption made in Section 3.1 that, beyond
a certain solubility limit of Ti, no fine Ti-based precipitates
can form. As a result, their potential to inhibit grain growth
through a pinning effect is significantly reduced.

Figure 5 also shows tempered microstructures consisting
of auto-tempered martensite/bainite (ATM), ferrite (F), and
carbide clusters (C). The auto-tempered martensite blocks
are well defined and have uneven ridges with finer needle-
shaped particles. In addition, the presence of retained aus-
tenite cannot be excluded. From a qualitative point of view,
the reference grade shows a smaller fraction of self-tempered
martensite/bainite. The ferritic phase shows an increase in
grain size. Within these ferrite grains, precipitates formed
that were reported primarily as carbides in the literature [42,
43]. This causes the reduction in hardness and strength in
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Fig.5 SEM micrographs (secondary electron mode) of the base metals (BM) investigated and the SCHAZ of the filler layers at 7500 x and
15,000 x magnification: a, b, ¢ reference grade; d, e, f grade B (Ti-); and g, h, i grade B (Ti+)

HV 0.5 (UCI)

400
375
350
325
300
275
250
225
200

Fig.6 Hardness distribution (determined by UCI in HVO0.5): a reference grade, b grade B (Ti—), ¢ grade B (Ti+) S690QL (dashed lines in

micrographs indicate the fusion lines)

this area of the HAZ. Grade B (Ti—) shows nearly similar
metallurgical behaviour.

As described in the previous publication [33], the ATM
in grade B (Ti—) aligns in a chain-like structure along the
prior austenite grain boundaries. Compared to the refer-
ence sample (needle-shaped large carbides), the carbides
in grade B (Ti-) are finely dispersed and appear to have a
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spherical shape. In [44, 45], it is proposed that the degree
of softening during the tempering process is related to the
size of the carbide. Grade B (Ti+) tends to have coarse
carbide precipitates or larger carbide clusters, as well as
a higher proportion of ATM. The distribution of ATM is
very uniform along the former austenite grain boundaries.
Based on these microstructure results, almost comparable
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mechanical behaviour can be expected for all three steel
grades investigated.

3.3 Hardness

The HVO0.5 hardness distribution of all analysed welding
joints using the UCI is shown in Fig. 6a— c. For this purpose,
the left part of the individual subfigures shows the measured
hardness values, while the right side illustrates the corre-
sponding cross-sections. In the intercritical heat-affected
zone (ICHAZ) and the SCHAZ, a significant decrease in
hardness has been observed in all three investigated grades.
The primary aim of the UCI hardness mapping was to quali-
tatively assess the complex metallurgical changes that occur
in different regions of the HAZ. In this context, the terms
‘softening’ and ‘hardening’ are used to describe hardness
changes within the respective microstructures. The decrease
in hardness, also referred to as the softening zone, is visually
represented by the blue-shaded region in Fig. 6, as indicated
in the corresponding legend on the right.

The microstructure of the CGHAZ of the root and filler
layers as well as the WM is refined by double recrystallisa-
tion during repeated tempering by multi-layer welding. This
causes a reduction in hardness, which has a negligible effect
on the strength characteristics. Both the reference grade and
the grade B (Ti—) show a strongly pronounced softening
effect not only in the outer HAZ areas, but also directly
along the fusion lines.

However, the widths of the softening zone (wg,, see
Fig. 6a—c) differ. The width of the softening zone was
determined using the “Image]” image processing software
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Distance from weld center line [mm]

(version: 1.52e, developed by Wayne Rasband from the
National Institutes of Health, USA). The measurement was
done on UCI hardness mapping images. Ten measurement
lines were defined per layer in the visible softening zone
(blue band), which were used for the evaluation. The refer-
ence grade shows a width of w,=1.2+0.2 mm, compared
to grade B (Ti) w,=1.6+0.4 mm. Grade B (Ti+) showed
a moderate softening behaviour compared to the reference
grade and the B (Ti—). The width of the softening zone is
1.5+ 0.4 mm. In addition, a clear difference can be seen
in the HAZ of the top layer. The steel grade with a high
Ti content shows a wider hardening zone. As described in
Section 3.1, this can be explained by coarsened Ti inclu-
sions, i.e. “missing” Ti precipitates and a reduced pinning
effect and anticipated austenite grain growth. This can also
be recognised by the HV1 hardness distribution along the
top layer in the cross-section of weld samples, see Fig. 7a.
The HV1 measurements also showed that all samples in the
outer HAZ areas are subject to softening. The explanation of
the softening can be found in previous publications [10, 33].
The difference in hardness in the softening zone between
grade B (Ti—) and B (Ti+) is 11 HV1. However, this also
means a softening ratio in respect of the top layer compared
to the BMs of 19% for grade B (Ti—) and 20% for grade B
(Ti+), see Fig. 7b. It can be stated that, due to the multiple
tempering during multi-layer welding, the root and filler lay-
ers have a softening ratio of between 18 and 28%.
According to [18, 46], softening mechanisms can be clas-
sified depending on the peak temperature during the thermal
welding cycle: Tempering softening occurs at temperatures
below the A, temperature, while transformation softening

b

Min. hardness in the HAZ [HV1]

300 30
root layer
I filler layer

. I top layer - 28

B Max. softening ratio
250

200

Max. softening ratio [%]

150

100
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layer

root
layer

Grade B (Ti+)

root
layer |layer| layer

Grade B (Ti-)

layer| layer

layer| layer

Reference

Fig. 7 a Hardness distribution/line scan (in HV1) in the top layer of all three welded BMs (marked areas show the width of the CGHAZ and sof-
tened zone), b minimum HAZ hardness HV1 of individual layers for each grade and maximum softening ratio
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prevails above the A, temperature. In quenched and tem-
pered (QT) steels, the loss of hardness in the HAZ is primar-
ily due to tempering effects. Precipitation-hardening alloying
elements can either increase softening in the HAZ through
coarsening of existing precipitates or reduce it through the
formation of new, finer precipitates. Furthermore, Fig. 7b
shows, based on the softening ratio, that the most pro-
nounced softening occurs in the reference grade. This grade
does not contain any microalloying elements such as Ti, V,
or Nb. In this case, the influence of repeated tempering due
to multi-layer welding exceeds the effect of microalloying
elements on the softening mechanism.

To relate the softening zone to the mechanical properties,
the relative thickness of the softening zone X, was intro-
duced in [18-20]. These are characterised by the ratio of
the width of the softening zone w, and the plate thickness
t. For conventional steels, a criterion has been established
indicating that the width of the softened zone should not
exceed 25% of the welded plate thickness [18, 47]. The cal-
culated relative thicknesses X, for each welded steel grade,
see Fig. 6a— to c, are below 25%, implicating that softening
would not cause failure in the tensile test at this location.
Grade B (Ti-) has the highest value of 11%, grade B (Ti+)
shows X, of 10%, and the reference grade indicates X, of
8%. As the X, value decreases, the strength increases and
can reach the strength of the BM. This means that the refer-
ence has the smallest decrease in tensile strength in the weld
seam compared to BM. This reinforcement is attributed to
the constraint effect. The transverse plastic flow of the soft
interlayer is restricted by the higher yield strength of the
BM, depending on the width of the soft interlayer [48, 49].

These empirically determined parameters should be criti-
cally scrutinised, as the determination of the width of the
softening zone is influenced by numerous factors, includ-
ing the evaluation program used, the person carrying out
the analysis, and the scaling of the UCI measurement. The
intensity of the softening is not considered, although this is

significantly dependent on the phase distribution. Moreo-
ver, it must be emphasized that the experimentally derived
criterion is based on welded specimens exhibiting a single
bevel angle exceeding 25°. This specific joint geometry sig-
nificantly influences both the weld bead width and the spatial
position of the softening zone relative to the sheet thickness.
As a result, the tensile loading behavior of the specimen is
correspondingly affected.

Based on the evaluation of various hardness measurement
methods—including the determination of the width of the
softened zone, the relative thickness Xg,, the classic Vick-
ers hardness distribution, and the local hardness analysis
in the weld seam—the following can be determined: The
determination of the maximum softening ratio is a reliable
and significant parameter for evaluating the tensile strength
of welded joints.

3.4 Global mechanical properties of cross-weld
tensile specimen

The global mechanical tensile properties are shown in
Fig. 8a as exemplary engineering stress—strain diagrams,
assuming a constant specimen cross-section. The maximum
tensile strength (UTS, R,, in MPa) and the maximum strain
(max i %) were determined. Although transverse weld ten-
sile specimens do not allow direct determination of yield
strength due to the heterogeneous ductility within the weld
areas, especially in the HAZ, yield strength (YS, R, in
MPa) was calculated for the purpose of completeness. The
average values refer to three analysed cross-weld tensile
specimens.

As shown in Fig. 8a, all three tested cross-weld tensile
specimens show similar mechanical behaviour in the tensile
test. The strain is localised in all tested specimens within the
area of the HAZ/fusion line after the maximum tensile force
is exceeded. These locally accumulated very high strains
cause the fracture at the respective positions. Figure 8b—d

Fig.8 a Exemplary global 1000
stress—strain curves for each ‘a—)/ 900
steel grade investigated and =
fracture positions of b reference % 800
grade, ¢ B (Ti—) grade, d B 7 700 .
(Ti+) grade g
» 600 -
2
‘= 500
o)
9]
£ 400 +
>
c
Q300 ~
g
S 2001/ [l Reference
© 100 B (1) -
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shows exemplary fracture positions of the cross-weld ten-
sile specimens tested. The fracture location within the heat-
affected zone (HAZ) or along the fusion line contradicts the
commonly accepted assumption that no failure occurs within
the softening zone for relative soft zone thicknesses below
0.25 (Xg;<0.25). In the present case, failure was observed
at significantly lower relative thickness values, ranging from
0.08 to 0.11 (see Fig. 6a—c). This deviation from established
criteria can be attributed to the narrower weld groove geom-
etries employed in this study, as discussed in Section 3.3.

Table 3 presents the overall results of the cross-weld ten-
sile tests conducted on the BMs of the three investigated
microalloying concepts, as well as on the corresponding
welded conditions.

As mentioned in Section 2.5, only two tensile specimens
from the BM were tested. Some specimens fractured outside
the original gauge length and were therefore excluded from
the evaluation of elongation after fracture (A). The maximum
global strain achieved shows almost the same behaviour for
all the cross-weld tensile specimens tested. For this reason,
the values are rounded to one decimal place. The results pre-
sented in Table 3 indicate a reduction in tensile strength after
welding across all three investigated microalloying concepts.
The greatest decrease (20%) was observed in the reference
grade, which also exhibited the highest softening ratios (see
Fig. 7b). Based on the principle of relative thickness of the
softening zone Xy, the reference grade is not expected to
fail within the softening zone, or at the very least, should
exhibit a higher tensile strength than grades B (Ti—) and B
(Ti+) (see also Section 3.3). This suggests that the criterion
(Xg7<0.25) cannot be directly applied under the specific
conditions investigated in this study. Furthermore, grade B
(Ti—) exhibits a reduction in ultimate tensile strength (R,,)
of 12%, while grade B (Ti+) shows a decrease of more than
10%. These results suggest that Ti-microalloying leads to a
partial suppression of softening within the HAZ, whereas
the tempering effect in the reference grade, lacking micro-
alloying elements, exerts the most pronounced influence on
the degree of softening. It is assumed that, in the cross-weld
tensile specimens microalloyed with Ti, a more pronounced
constraint effect occurs, as the individual HAZ regions are
locally stronger due to Ti microalloying compared to the
reference specimen without microalloying elements.

Although all investigated alloy concepts exhibit a rela-
tive softening width below 0.25, failure nevertheless occurs

within the softened zone. This observation suggests that the
weld geometry (a=30°) influences the formation of the sof-
tened zone and, consequently, affects the constraint effect. It
is assumed that, for a narrow weld geometry, a lower criti-
cal resolved shear stress (CRSS) is sufficient due to the less
pronounced constraint effect compared to wider weld geom-
etries. Furthermore, a narrower weld geometry inherently
produces a narrower heat-affected zone (HAZ), in which
the locally higher-strength HAZ subregions adjacent to the
fusion line are proportionally smaller relative to the softened
region. These reduced high-strength regions are therefore
expected to exert only a relatively weak constraint effect.

Figure 9a—c shows fracture surface topographies of three
exemplary cross-weld tensile specimens of each investigated
steel grade. All three fracture surface topographies show
ductile fracture behaviour. As already mentioned, all sam-
ples fractured in the areas of the HAZ/fusion line. In other
words, in the areas where softening of the microstructure
(see Section 3.3, Fig. 6a—c) has occurred.

In the reference grade, round AlO inclusions were found
within the dimple structures; see EDX maps in Fig. 9a. The
fracture surface topography of grades B (Ti—) and (Ti+)
shows a dimple structure, although with a different size dis-
tribution. Large inclusions can be seen within the dimples,
which could be characterised in grade B (Ti+) as large,
cube-shaped Ti inclusions using EDX measurement. These
can act as inhibitors for microcracks, which in turn act as
micro-notches and generate locally high stress concentra-
tions under mechanical loading. In addition, coarse Ti inclu-
sions (as shown in Fig. 9c) tend to exhibit weaker bonding
to the surrounding ferritic matrix. This may lead to debond-
ing and, consequently, to the initiation of microcracks at the
particle-matrix interface [50].

3.5 Impact toughness of the investigated
microalloying concepts

To complete the global mechanical characterization of the
investigated microalloying concepts, the impact toughness
of the respective BMs and their HAZ in the as-welded condi-
tion was analysed (see Table 4).

The impact toughness of the untreated base steels reveals
a trend suggesting that microalloying concepts with a tita-
nium content of 0.032 wt.% (grade B (Ti+)) may be associ-
ated with a noticeable embrittlement of the material. The

Table 3 Overview of global

. . Grade Base material Cross-weld samples
mechanical properties from
tensile tests of BMs and cross- R, in MPa R, in MPa Ain % R, in MPa R, in MPa Emax N %
weld samples in as-welded
condition Reference 921+23 1056 +7 10 734+ 14 845+3 6.5+0.2
Grade B (Ti—-) 822+103 945+18 9.5 725+3 829+3 6.9+04
Grade B (Ti+) 802+97 949+2 7 7487 854+12 6.9+0.1
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Fig.9 Fracture surface topographies of the weld cross tensile specimens with corresponding EDX maps of the large inclusions identified a refer-

ence grade, b B (Ti-) grade, ¢ B (Ti+) grade

Table4 CVN energy of the investigated microalloying concepts

Grade BM HAZ
CVNinJ CVNinJ
Reference 102 +47 82+9
Grade B (Ti-) 36+26 92+
Grade B (Ti+) 11+3 67 +37

impact toughness of 11 J does not match the required tough-
ness of 27 J [6] and must therefore be evaluated negatively.
This observation correlates with the calculated Ti/N ratio
for grade B (Ti+), which amounts to 4.38 (see Section 3.1),
indicating the potential formation of coarse, blocky TiN pre-
cipitates. These precipitates may adversely affect toughness
due to their size and morphology. Furthermore, previous
studies [51] have shown that large Ti inclusions, irregularly
distributed within the ferritic matrix, can serve as initiation
sites for microcrack formation, which may eventually lead
to cleavage fracture.

In contrast, grade B (Ti—) exhibits a moderate impact
toughness, with an average Charpy V-notch (CVN) energy
of 36 J, which complies with the relevant standard require-
ments. The highest impact toughness was observed for the
reference sample, exceeding 102 J. Based on the present
observations, titanium microalloying appears to have a
detrimental effect on toughness. At the same time, the per-
formance of the reference sample demonstrates that high
impact toughness can be achieved without microalloying
through the applied steel manufacturing process—specifi-
cally via quenching and tempering.

The assessment of toughness properties within the HAZ
based on a limited number of selected specimens requires
critical consideration. The measured Charpy impact tough-
ness values are influenced not only by the position and orien-
tation of the machined notch, but also by the weld geometry
and overall weld shape. Additionally, the reliability of the
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HAZ impact toughness data is limited in this study, as only
two specimens per alloy were available due to material con-
straints. The applied welding parameters (E=1 kJ/mm and
Atg s time =7.8 s; see Section 2.2) lie within the process
window for GMAW welding of S690QL steel. However, it
was observed that multiple tempering cycles in the HAZ of
the reference sample tend to reduce impact toughness. Based
on the average CVN values, a decrease of approximately
20% is observed compared to the unaffected BM. In contrast,
grade B (Ti—) shows a significant improvement in impact
toughness within the HAZ after welding: the average tough-
ness increases by 156%, corresponding to a factor of 2.6.
Grade B (Ti+) exhibits the highest relative increase, with
the impact toughness in the HAZ rising sixfold compared
to the base condition (by factor 6). These findings highlight
that the effect of welding on impact toughness is strongly
influenced by the specific microalloying concept and, in the
case of the grades investigated, can lead to considerable vari-
ations in mechanical performance.

An important question concerns the influence of different
microalloying concepts of the same steel grade on the local
strain distribution within the welded joint. Since the engi-
neering stress—strain curve represents only a global strain
response of the entire specimen, it does not capture localized
deformation effects. Therefore, assessing the local strain
evolution under progressive mechanical loading in tensile
testing is essential. The subsequent section presents the cor-
responding findings.

3.6 Local strain of weld metal and HAZ

Figure 10a to c shows the results obtained for the principal
strain in the y-direction (loading direction) as a function of
the global displacement in the WM and the HAZ. These
values were determined according to the points shown in
Fig. 3a, and on the top layer side of the cross-weld ten-
sile specimen. Table 5 summarizes the determined local
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Fig. 10 Maximum local principal strain of the WM and the HAZ in y-direction & in % in relation to the total displacement of the tensile speci-

mens: a reference grade, b B (Ti—) grade, ¢ B (Ti+) grade

Table5 Overview of local maximum principal strain in WM and
HAZ in y-direction

Grade WM in % HAZ in %
Reference 45+7 63+13
Grade B (Ti—-) 43+4 70+ 10
Grade B (Ti+) 46+3 86+6

principal strain &, values in the y-direction of all analysed
cross-weld tensile specimens in the HAZ and WM areas of
the different grades.

As all samples were welded with the same heat input and
the same filler metal, no significant differences in the local
strain in the WM can be recognised (see Table 3). However,
grade B (Ti+) undergoes the highest local strains during the
entire tensile test in the HAZ. Strains in the HAZ of almost
over 90% in relation to the strain of the unaffected BM occur
and lead to fracture at this point. This can also be recog-
nised by the strain distribution during the tensile test. Fig-
ure 11a— to ¢ shows an exemplary strain distribution in the
y-direction for the respective steel grades along a sectional
plane (position: centre of the top layer of the cross-weld
tensile specimen), see Fig. 3b. The strain accumulates in
the HAZ after reaching the maximum tensile force up to the
point shortly before rupture (Fig. 11c, blue line). In addition,
so-called constraint effects are clearly identifiable based on
the strain distribution. Due to the high metallurgical gradient
in the y-direction, weaker areas such as the softened fusion
line or the strongly softened HAZ areas such as the ICHAZ
and SCHAZ are supported by the locally strengthened HAZ
areas, WM, and unaffected BM. This can be explained since
the strain decreases and re-increases (Fig. 11a— to c, blue
line).

Although the reference sample shows much higher sof-
tening ratios than grades B (Ti—) and B (Ti+) as shown
in Fig. 7b, the local strain in the HAZ is the lowest

(sy= 63 +13%). Based on the analysed fracture surface
topography, it can be assumed that the reference sample has
failed along the fusion line. The fusion zone also shows a
strong softening behaviour along the root and filler layer (see
Fig. 6a). The softening behaviour in the fusion zone during
multi-layer welding results from extensive recrystallization
in this region combined with the high tempering tempera-
tures induced by subsequent welding layers. These tempera-
tures exceed the peak values typically reached in the IC- and
SCHAZ. The fracture behaviour can be visualised by the
strain distribution shortly before fracture as seen in Fig. 11a.
The area of the fusion line shows a much higher local strain
than the adjacent softened HAZ. Areas in between support
the relatively weaker, soft HAZ areas (decrease in strain, see
Fig. 11a, area marked in orange). The two Ti-microalloyed
tensile specimens show the same local behaviour during ten-
sile loading. However, the influence of the fusion line is less
pronounced. The strain accumulates shortly before fracture
in the outer (ICHAZ and SCHAZ) HAZ and the specimen
also failed at this position. It is noteworthy that the accumu-
lated local strain in the HAZ of grade B (Ti+) is 23% higher
than in grade B (Ti—), although the softening rate and the
hardness distribution (see Figs. 6 and 7) are decreased com-
pared to grade B (Ti—) and the reference grade.

The behaviour can be explained by the different phase
distribution in the softened HAZ of both grades B (Ti—)
and B (Ti+). As already described in Section 3.2, grade B
(Ti+) has a higher proportion of ATM and carbide clusters,
which are very uniformly distributed along the former aus-
tenite grain boundaries. This would explain the moderate
softening (Fig. 6¢) compared to grade B (Ti—), see Fig. 6b.
Conversely, the higher local strain in the HAZ of the grade
B (Ti+) sample can thus be explained.

The local strain behaviour described also supports the
consideration of a weld seam as a ‘composite material’, as
the different microstructure areas interact with each other
under mechanical stress and the deformation properties
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are distributed in a similar way to a multi-layer composite
material. The different local microstructures interact with
each other, and there are cross-reactions between them.
The different welding microstructures can also be regarded
as metallurgical notches that lead to a triaxial stress state.
Therefore, the determination and analysis of local strains
and their interaction with each other using DIC is an excel-
lent way of recording the mechanical behaviour of complex
welded joints in detail and investigating the deformation
mechanisms.

4 Conclusions

The study investigates the effects of titanium (Ti) microal-
loying on HSLA steels, focusing on weldability and micro-
structural changes in the HAZ. Three S690QL steel variants
(reference, low Ti-content, high Ti-content) were welded
using GMAW and analysed using DIC to assess local strain
behavior and mechanical properties. The following conclu-
sions can be drawn from the results presented:

e The repeated tempering resulting from multi-layer weld-

ing exerts the most pronounced influence on the degree
of softening within the HAZ. This was confirmed by the
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reference grade, which contained no microalloying ele-
ments.

e The grade B (Ti—) exhibits a stronger softening in the IC
and SCHAZ and a narrower CGHAZ than the grade B
(Ti+). This can be attributed to the fact that the micro-
structure of the IC and SCHAZ in the S690QL with a
higher Ti content (0.032 wt. %) contains a higher frac-
tion of carbide clusters and auto-tempered martensite
compared to the S690QL grade with a lower Ti content
(0.016 wt. %).

e The microalloying concept of the S690QL grade with
the lower Ti content exhibited a narrower CGHAZ after
welding compared to the specimen with the higher Ti
content. This can be explained by the more effective inhi-
bition of austenite grain growth due to a stronger pinning
effect. The latter is attributed to the Ti/N stoichiometric
ratio of 2.23, which is considered optimal for the forma-
tion of fine Ti-based precipitates capable of significantly
restricting austenite grain growth.

e The global mechanical properties show that all inves-
tigated microalloying concepts exhibited a reduction
in tensile strength of the welded joint compared to the
as-received condition. The highest reduction, 20%, was
observed for the reference grade, whereas the lowest
reduction, 10%, was found for the microalloying concept
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with a high Ti content. This correlates with the degree of
softening in the HAZ and indicates a more pronounced
constraint effect in the Ti-microalloyed cross-weld ten-
sile specimens. This, in turn, is assumed to be due to the
fact that the Ti-microalloyed HAZ regions are locally
stronger than those in the reference grade, which contains
no microalloying elements.

e The HAZ impact toughness of the Ti-microalloyed grades
increases significantly compared to the as-received con-
dition; however, the specimen microalloyed with a high
Ti content still failed to meet the requirements specified
in the standard. The significant increase in impact tough-
ness is attributed to the pronounced softening within the
HAZ.

e The investigation of the local mechanical properties
using DIC showed that the steel grades microalloyed with
Ti exhibit higher principal strain in the loading direc-
tion within the HAZ compared to the reference grade
without any microalloying elements. The local strain in
the Ti-microalloyed steels is increased by approximately
11% to 35% relative to the reference grade. This behavior
can be attributed to a more pronounced constraint effect
observed during tensile testing of Ti-microalloyed cross-
weld specimens.

e All investigated microalloying concepts of S690QL
showed a constraint effect after reaching the ultimate
tensile strength during the tensile test. A critical point is
the transfer of common parameters, such as the relative
thickness of the softening zone (X, <0.25), to achieve
a pronounced constraint effect to prevent failure in the
softened zone, which is presumably influenced by the
weld seam geometry and thus by the relative position of
the softened region.
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