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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 

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 “XSZ” (ratio of the width of 
the softened HAZ “wSZ “ in [mm] to the sheet thickness t in 
[mm]) of the softening zone [13, 18–20]. A guideline was 
established for conventional steels, stating that “wSZ” 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 
of tested materials in wt.-% by 
OES, N and O content measured 
using CGHE (Fe-balance)

n.a. not available, n.d. not detected.1Amount smaller than detection limit. a)In accordance with EN 10025–6 
S690QL. b)In accordance with EN ISO 16834-A-G 69 6 M Mn4Ni1.5CrMo, chemical composition from 
producer test report

Element C Si Mn Cr Cu Mo Ni Al Nb Ti N O

BM: stand.a) 0.20 0.80 1.70 1.50 0.50 0.70 4.0 0.06 0.05 0.015 n.a
BM: Ref 0.10 0.29 1.66 0.17 0.02 0.32 0.20 0.10 _1 _1 0.0065 0.0081
BM: B (Ti-) 0.09 0.28 1.58 0.17 0.02 0.31 0.19 0.10 _1 0.016 0.0071 0.0070
BM: B (Ti +) 0.09 0.28 1.58 0.17 0.02 0.32 0.19 0.10 _1 0.032 0.0073 0.0069
WM: G69b) 0.09 0.43 1.32 0.2 0.09 0.55 1.43 0.002 0.001 0.019 0.007 n.d
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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% CO₂. 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 Δt8/5, 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 µm. 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 (HV0.5), 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 Rmax.Soft 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.

where min. HV1
HAZ

 refers to the locally measured minimum 
HV1 hardness in the HAZ, and max.HV1

BM
 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.

(1)R
max.Soft

=

(

1 −
min. HV1

HAZ

max.HV1
BM

)

× 100%

Table 2   Mechanical properties 
of tested materials

a) EN 10025–6 S690QL, properties in accordance with standard
b) EN ISO 16834-A-G 69 6 M Mn4Ni1.5CrMo, properties from manufacturer test report
c) Hardness testing

Property Yield strength 
Rp0.2
(MPa)

Tensile strength 
Rm
(MPa)

Elongation 
at fracture 
A5
(%)

Impact toughness 
Av
(J, at −40 °C)

Hardness (HV)

BMsa) 690 770 to 940 14 Min. 27 284.2 (HV1)c)

WM: G 69b) 733 811 21.4 87.7 264.3 (HV10)
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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 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 

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 

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

Fig. 2   Specimen geometry 
of the cross tensile specimen 
extracted from the plate thick-
ness centr of a welded plate
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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 
µm/s (displacement-controlled), which was equivalent to a 
strain rate of 2.5 × 10⁻5 s⁻1. 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 × 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 

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 × 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 

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
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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 

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 

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 +), c enlargement from diagram b) (area marked with rectangle)
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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 Al₂O₃ (corundum) phase forms at Tp = 1930 °C. The 
corresponding volume fraction amounts to 4.0 × 10⁻4 mol. 
In addition, the thermodynamic simulation shows that the 
reference grade, which contains neither Ti, V, nor Nb, shows 
only AlN precipitates at 1110 °C. When the temperature 
decreases to 500 °C, the phase volume fraction stabilises 
at 3.4 × 10–4 mol (scaled to 1 mol of the total system size).

The precipitation behavior of grade B (Ti-) shows the 
same AlN 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 
3.1 × 10–4 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 × 10 – 4 mol. It can also be observed that, 
in grade B (Ti +), AlN precipitates form at a comparatively 
lower temperature of 878 °C, with a corresponding volume 
fraction of 2.1 × 10⁻4 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−)N = 0.87 and B (Ti +)N = 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 
(Tp = 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) µm, grade B (Ti−) (12.2 ± 1.2) 
µm, and grade B (Ti +) (13.0 ± 0.9) µm. 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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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 

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 

Fig. 5   SEM micrographs (secondary electron mode) of the base metals (BM) investigated and the SCHAZ of the filler layers at 7500 × and 
15,000 × magnification: a, b, c reference grade; d, e, f grade B (Ti-); and g, h, i grade B (Ti +)

Fig. 6   Hardness distribution (determined by UCI in HV0.5): a reference grade, b grade B (Ti−), c grade B (Ti +) S690QL (dashed lines in 
micrographs indicate the fusion lines)
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mechanical behaviour can be expected for all three steel 
grades investigated.

3.3 � Hardness

The HV0.5 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 (wsz, see 
Fig.  6a–c) differ. The width of the softening zone was 
determined using the “ImageJ” image processing software 

(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 wsz = 1.2 ± 0.2 mm, compared 
to grade B (Ti) wsz = 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 Ac1 temperature, while transformation softening 

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 Ac1 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 Xsz was intro-
duced in [18–20]. These are characterised by the ratio of 
the width of the softening zone wsz 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 Xsz 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 Xsz of 10%, and the reference grade indicates Xsz of 
8%. As the Xsz 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 XSZ, 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, Rm in MPa) and the maximum strain 
(εmax in %) 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, Rp0.2 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 
stress–strain curves for each 
steel grade investigated and 
fracture positions of b reference 
grade, c B (Ti−) grade, d B 
(Ti +) grade
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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 (XSZ < 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 XSZ, 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 
(XSZ < 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 (Rm) 
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 (α = 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 
mechanical properties from 
tensile tests of BMs and cross-
weld samples in as-welded 
condition

Grade Base material Cross-weld samples

Rp0.2 in MPa Rm in MPa A in % Rp0.2 in MPa Rm in MPa εmax in %

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 ± 0.4
Grade B (Ti +) 802 ± 97 949 ± 2 7 748 ± 7 854 ± 12 6.9 ± 0.1
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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 

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 
Δt8/5 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 

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, c B (Ti +) grade

Table 4   CVN energy of the investigated microalloying concepts

Grade BM
CVN in J

HAZ
CVN in J

Reference 102 ± 47 82 ± 9
Grade B (Ti-) 36 ± 26 92 ± 2
Grade B (Ti +) 11 ± 3 67 ± 37
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principal strain εy 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 c 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 

(εy= 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. 6c) 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 

Fig. 10   Maximum local principal strain of the WM and the HAZ in y-direction εy in % in relation to the total displacement of the tensile speci-
mens: a reference grade, b B (Ti−) grade, c B (Ti +) grade

Table 5   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
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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:

•	 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 

reference grade, which contained no microalloying ele-
ments.

•	 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. %).

•	 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.

•	 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 

Fig. 11   Exemplary local distri-
bution of the principal strain in 
the y-direction along a sectional 
plane length (position on top 
layer side, sample centre in 
tension direction): a reference 
grade, b B (Ti−) grade, c B 
(Ti +) grade
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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.

•	 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.

•	 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.

•	 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 (Xsz < 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.

Acknowledgements  The authors like to thank voestalpine Grobblech 
GmbH (Linz, Austria) for providing the materials. We also thank Peter 
Friedersdorf and Thomas Michael for their support during the welding 
tests, Marina Marten for the sample preparation and hardness meas-
urements, and Michaela Buchheim for the fracture surface topography 
investigations. Special thanks go to Daniel Kadoke and Julius Kruse for 
their support in carrying out the tensile tests with the DIC system, all 
with Bundesanstalt für Materialforschung und -prüfung (BAM), Berlin.

Author contributions  Conceptualization: Nina Schroeder. Meth-
odology: Nina Schroeder. Formal analysis and investigation: Nina 
Schroeder, Daniel Kadoke, Julius Kruse. Writing—original draft prepa-
ration: Nina Schroeder. Writing—review and editing: Michael Rhode, 
Arne Kromm. Resources: Michael Rhode, Thomas Kannengiesser. 
Supervision: Michael Rhode, Thomas Kannengiesser, Arne Kromm.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The study was a part of a research project funded by the Ger-
man Research Foundation DFG, research grant no. 435083436. Open 
access funding by Projekt DEAL is gratefully acknowledged.

Data availability  The raw data is not accessible by the public but can 
be shared on demand with private access.

Declarations 

Ethics approval  The authors confirm that the rules of publication ethics 
have been followed. We declare that no AI or AI-assisted technologies 
were used in the preparation of the manuscript. All references and 
copyrighted content used are identified as such. This is the original 
manuscript and has not been submitted to any other journal.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Caballero FG, Santofimia MJ, García-Mateo C, Chao J, de Andrés 
CG (2009) Theoretical design and advanced microstructure in 
super high strength steels. Mater Des 30:2077–2083. https://​doi.​
org/​10.​1016/j.​matdes.​2008.​08.​042

	 2.	 Villalobos JC, Del-Pozo A, Campillo B, Mayen J, Serna S (2018) 
Microalloyed steels through history until 2018: review of chemi-
cal composition, processing and hydrogen service. Metals 8:351. 
https://​doi.​org/​10.​3390/​met80​50351

	 3.	 Xie H, Du L-X, Hu J, Misra RDK (2014) Microstructure and 
mechanical properties of a novel 1000MPa grade TMCP low car-
bon microalloyed steel with combination of high strength and 
excellent toughness. Mater Sci Eng A 612:123–130. https://​doi.​
org/​10.​1016/j.​msea.​2014.​06.​033

	 4.	 Gladman T (1999) Precipitation hardening in metals. Mater Sci 
Technol 15:30–36. https://​doi.​org/​10.​1179/​02670​83997​73002​782

	 5.	 Mohrbacher H (2010) Principal effects of Mo in HSLA steels and 
cross effects with microalloying elements. Cent Iron Steel Res Inst 
75–96

	 6.	 DIN EN 10025–6:2019+A1:2022  (2023) Hot rolled products of 
structural steels – Part 6: Technical delivery conditions for flat 
products of high yield strength structural steels in the quenched 
and tempered condition. DIN-Media-Verlag.https://​doi.​org/​10.​
31030/​34271​27

	 7.	 Dainelli P, Maltrud F (2012) Management of welding operations 
with high strength steels. Soud Tech Connex 66:33–38

	 8.	 Wang F, Zhao G, Hou Y, Lin J, Li B et al (2022) Effect of Nb 
addition and heat input on heat-affected zone softening in high-
strength low-alloy steel. Materials. https://​doi.​org/​10.​3390/​ma151​
34503

	 9.	 Zhang L, Kannengiesser T (2016) HAZ softening in Nb-, Ti- 
and Ti plus V-bearing quenched and tempered steel welds. Weld 
World 60: 177–184. https://​doi.​org/​10.​1007/​s40194-​016-​0299-7

	10.	 Schroeder N, Rhode M, Kannengiesser T (2023) Thermodynamic 
prediction of precipitations behaviour in HAZ of a gas metal arc 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.matdes.2008.08.042
https://doi.org/10.1016/j.matdes.2008.08.042
https://doi.org/10.3390/met8050351
https://doi.org/10.1016/j.msea.2014.06.033
https://doi.org/10.1016/j.msea.2014.06.033
https://doi.org/10.1179/026708399773002782
https://doi.org/10.31030/3427127
https://doi.org/10.31030/3427127
https://doi.org/10.3390/ma15134503
https://doi.org/10.3390/ma15134503
https://doi.org/10.1007/s40194-016-0299-7


	 Welding in the World

welded S690QL with varying Ti and Nb content. Weld World 
67:2143–2152. https://​doi.​org/​10.​1007/​s40194-​023-​01550-2

	11.	 Zhang L, Pittner A, Michael T, Rhode M, Kannengiesser T (2015) 
Effect of cooling rate on microstructure and properties of microal-
loyed HSLA steel weld metals. Sci Technol Weld Join 20:371–
377. https://​doi.​org/​10.​1179/​13621​71815y.​00000​00026

	12.	 Mohandas T, Madhusudan Reddy G, Satish Kumar B (1999) 
Heat-affected zone softening in high-strength low-alloy steels. 
J Mater Process Technol 88:284–294. https://​doi.​org/​10.​1016/​
S0924-​0136(98)​00404-X

	13.	 Mičian M, Frátrik M, Brůna M (2024) Softening effect in the 
heat-affected zone of laser-welded joints of high-strength low-
alloyed steels. Weld World 68:1497–1514. https://​doi.​org/​10.​
1007/​s40194-​024-​01730-8

	14.	 Baltazar Hernandez VH, Panda SK, Okita Y, Zhou NY (2010) A 
study on heat affected zone softening in resistance spot welded 
dual phase steel by nanoindentation. J Mater Sci 45:1638–
1647. https://​doi.​org/​10.​1007/​s10853-​009-​4141-0

	15.	 Xia M, Biro E, Tian Z, Zhou YN (2008) Effects of heat input and 
martensite on HAZ softening in laser welding of dual phase steels. 
ISIJ Int 48:809–814. https://​doi.​org/​10.​2355/​isiji​ntern​ation​al.​48.​
809

	16.	 Dong H, Hao X, Deng D (2014) Effect of welding heat input on 
microstructure and mechanical properties of HSLA steel joint. 
Metallogr Microstruct Anal 3:138–146. https://​doi.​org/​10.​1007/​
s13632-​014-​0130-z

	17.	 Mičian M, Frátrik M, Kajánek D (2021) Influence of welding 
parameters and filler material on the mechanical properties of 
HSLA steel S960MC welded joints. Metals 11:305. https://​doi.​
org/​10.​3390/​met11​020305

	18.	 Hochhauser F, Ernst W, Rauch R, Vallant R, Enzinger N (2012) 
Influence of the soft zone on the strength of welded modern HSLA 
steels. Weld World 56:77–85. https://​doi.​org/​10.​1007/​BF033​
21352

	19.	 Maurer W, Ernst W, Rauch R, Vallant R, Enzinger N (2015) Eval-
uation of the factors influencing the strength of HSLA steel weld 
joint with softened HAZ. Weld World 59:809–822. https://​doi.​org/​
10.​1007/​s40194-​015-​0262-z

	20.	 Maurer W, Ernst W, Rauch R, Kapl S, Vallant R et al (2012) 
Numerical simulation on the effect of HAZ softening on static 
tensile strength of HSLA steel welds. Proc 10th Int Semin Weld

	21.	 Tamizi M, Pouranvari M, Movahedi M (2021) The role of HAZ 
softening on cross-tension mechanical performance of martensitic 
advanced high strength steel resistance spot welds. Metall Mater 
Trans A 52:655–667. https://​doi.​org/​10.​1007/​s11661-​020-​06104-5

	22.	 Khan MS, Soleimani M, Midawi AR, Aderibigbe I, Zhou YN et al (2023) 
A review on heat affected zone softening of dual-phase steels during laser 
welding. J Manuf Process 102:663–684. https://​doi.​org/​10.​1016/j.​jmapro.​
2023.​07.​059

	23.	 Pouriamanesh R, Dehghani K, Vallant R, Enzinger N (2018) 
Effect of Ti addition on the microstructure and mechanical 
properties of weld metals in HSLA steels. J Mater Eng Perform 
27:6058–6068. https://​doi.​org/​10.​1007/​s11665-​018-​3686-y

	24.	 Zhang L, Davis C, Strangwood M (1999) Effect of TiN parti-
cles and microstructure on fracture toughness in simulated heat-
affected zones of a structural steel. Metall Mater Trans A 30:2089–
2096. https://​doi.​org/​10.​1007/​s11661-​999-​0019-7

	25.	 Schroeder N, Rhode M, Kannengiesser T (2024) Influence of 
microalloying on precipitation behavior and notch impact tough-
ness of welded high-strength structural steels. Weld World. https://​
doi.​org/​10.​1007/​s40194-​024-​01827-0

	26.	 Vassilaros M, DEPT DTRCBMSME (1990) Fracture behavior of 
ultra-low-carbon steel plate and heat-affected zone. DTIC report

	27.	 Echeverrıa A, Rodriguez-Ibabe JM (2003) The role of grain size 
in brittle particle induced fracture of steels. Mater Sci Eng A 
346:149–158.https://​doi.​org/​10.​1016/​S0921-​5093(02)​00538-5

	28.	 Strid J, Easterling KE (1985) On the chemistry and stability of com-
plex carbides and nitrides in microalloyed steels. Acta Metall 33:2057–
2074. https://​doi.​org/​10.​1016/​0001-​6160(85)​90129-4

	29.	 Wan X-l, Wu K-m, Huang G, Wei R, Cheng L (2014) In situ 
observation of austenite grain growth behavior in the simulated 
coarse-grained heat-affected zone of Ti-microalloyed steels. 
Int J Miner Metall Mater 21:878–885. https://​doi.​org/​10.​1007/​
s12613-​014-​0984-8

	30.	 Yan W, Shan Y, Yang K (2006) Effect of TiN inclusions on the 
impact toughness of low-carbon microalloyed steels. Metall Mater 
Trans A 37:2147–2158. https://​doi.​org/​10.​1007/​BF025​86135

	31.	 Zhu Z, Marimuthu M, Kuzmikova L, Li H, Barbaro F et al (2013) 
Influence of Ti/N ratio on simulated CGHAZ microstructure and 
toughness in X70 steels. Sci Technol Weld Join 18:45–51. https://​
doi.​org/​10.​1179/​13621​71812Y.​00000​00071

	32.	 DIN EN ISO 16834 Welding consumables – Wire electrodes, 
wires, rods and deposits for gas shielded arc welding of high 
strength steels – Classification (2012) DIN-Media-Verlag. https://​
doi.​org/​10.​31030/​18623​61

	33.	 Schroeder N, Rhode M, Kannengiesser T (2024) Influence of 
microalloying on precipitation behavior and notch impact tough-
ness of welded high-strength structural steels. Weld World 
68:2647–2659. https://​doi.​org/​10.​1007/​s40194-​024-​01827-0

	34.	 ISO 14175 (2008) Welding consumables – Gases and gas mix-
tures for fusion welding and allied processes. DIN-Media-Verlag. 
https://​doi.​org/​10.​31030/​14016​12

	35.	 (2022) DIN 50159–1 metallic materials – hardness testing with 
the UCI method – Part 1: Test method. DIN-Media-Verlag. https://​
doi.​org/​10.​31030/​33466​12

	36.	 EN ISO 6507–1  (2024) Metallic materials – Vickers hardness 
test – Part 1: test method. DIN-Media-Verlag. https://​doi.​org/​10.​
31030/​35037​81

	37.	 Andersson JO, Helander T, Hoglund LH, Shi PF, Sundman B 
(2002) THERMO-CALC & DICTRA, computational tools for 
materials science. Calphad 26:273–312. https://​doi.​org/​10.​1016/​
S0364-​5916(02)​00037-8

	38.	 ISO 4136 (2022) Destructive tests on welds in metallic materi-
als – transverse tensile test. DIN-Media-Verlag. https://​doi.​org/​10.​
31030/​33246​71

	39.	 Metallic materials - tensile testing - Part 1: Method of test at 
room temperature (ISO 6892–1:2019); German version EN ISO 
6892–1:2019 (2020) DIN-Media-Verlag. https://​doi.​org/​10.​31030/​
31325​91

	40.	 DIN EN ISO 148–1:2017–05 (2017) DIN-Media-Verlag. https://​
doi.​org/​10.​31030/​24824​23

	41.	 Wang S, Gao Z, Wu G, Mao X (2022) Titanium microalloying 
of steel: a review of its effects on processing, microstructure and 
mechanical properties. Int J Miner Metall Mater 29:645–661. 
https://​doi.​org/​10.​1007/​s12613-​021-​2399-7

	42.	 Thomson RC, Miller MK (1998) Carbide precipitation in mar-
tensite during the early stages of tempering Cr- andMo-containing 
low alloy steels. Acta Mater 46:2203–2213. https://​doi.​org/​10.​
1016/​S1359-​6454(97)​00420-5

	43.	 Wang S, Yu H, Zhou T, Wang L (2018) Synergetic effects of fer-
rite content and tempering temperature on mechanical properties 
of a 960 MPa grade HSLA steel. Mater. https://​doi.​org/​10.​3390/​
ma111​02049

	44.	 Zhang L (2017) Microstructure-property relationship in microal-
loyed high-strength steel welds. Eigenverlag Bundesanstalt für 
Materialforschung und-prüfung (BAM), Berlin

	45.	 Egger R (2012) Herstellung und Eigenschaften von hochfesten, 
vergüteten Grobblechen. BHM Berg- und Huttenmann Monatsh 
157:332–339. https://​doi.​org/​10.​1007/​s00501-​012-​0027-6

	46.	 Wallner F, Schimböck R, Rauch R (2000) Advanced and new 
TMCP-steels for welded constructions. Internationale Schweiß-
und Fertigungstechnische Tagung

https://doi.org/10.1007/s40194-023-01550-2
https://doi.org/10.1179/1362171815y.0000000026
https://doi.org/10.1016/S0924-0136(98)00404-X
https://doi.org/10.1016/S0924-0136(98)00404-X
https://doi.org/10.1007/s40194-024-01730-8
https://doi.org/10.1007/s40194-024-01730-8
https://doi.org/10.1007/s10853-009-4141-0
https://doi.org/10.2355/isijinternational.48.809
https://doi.org/10.2355/isijinternational.48.809
https://doi.org/10.1007/s13632-014-0130-z
https://doi.org/10.1007/s13632-014-0130-z
https://doi.org/10.3390/met11020305
https://doi.org/10.3390/met11020305
https://doi.org/10.1007/BF03321352
https://doi.org/10.1007/BF03321352
https://doi.org/10.1007/s40194-015-0262-z
https://doi.org/10.1007/s40194-015-0262-z
https://doi.org/10.1007/s11661-020-06104-5
https://doi.org/10.1016/j.jmapro.2023.07.059
https://doi.org/10.1016/j.jmapro.2023.07.059
https://doi.org/10.1007/s11665-018-3686-y
https://doi.org/10.1007/s11661-999-0019-7
https://doi.org/10.1007/s40194-024-01827-0
https://doi.org/10.1007/s40194-024-01827-0
https://doi.org/10.1016/S0921-5093(02)00538-5
https://doi.org/10.1016/0001-6160(85)90129-4
https://doi.org/10.1007/s12613-014-0984-8
https://doi.org/10.1007/s12613-014-0984-8
https://doi.org/10.1007/BF02586135
https://doi.org/10.1179/1362171812Y.0000000071
https://doi.org/10.1179/1362171812Y.0000000071
https://doi.org/10.31030/1862361
https://doi.org/10.31030/1862361
https://doi.org/10.1007/s40194-024-01827-0
https://doi.org/10.31030/1401612
https://doi.org/10.31030/3346612
https://doi.org/10.31030/3346612
https://doi.org/10.31030/3503781
https://doi.org/10.31030/3503781
https://doi.org/10.1016/S0364-5916(02)00037-8
https://doi.org/10.1016/S0364-5916(02)00037-8
https://doi.org/10.31030/3324671
https://doi.org/10.31030/3324671
https://doi.org/10.31030/3132591
https://doi.org/10.31030/3132591
https://doi.org/10.31030/2482423
https://doi.org/10.31030/2482423
https://doi.org/10.1007/s12613-021-2399-7
https://doi.org/10.1016/S1359-6454(97)00420-5
https://doi.org/10.1016/S1359-6454(97)00420-5
https://doi.org/10.3390/ma11102049
https://doi.org/10.3390/ma11102049
https://doi.org/10.1007/s00501-012-0027-6


Welding in the World	

	47.	 Satoh K, Toyoda M (1970) Static strength of welded plates includ-
ing soft interlayer under tension across a weld line. Trans Jpn 
Weld Soc 1:10–17. http://​dl.​ndl.​go.​jp/​info:​ndljp/​pid/​10944​537

	48.	 Fan M, Shao C, Wang Y, Huo X, Ma N et al (2021) In-situ DIC 
investigation on local stress-strain behavior in creep-fatigue test 
of dissimilar steel welded joint. Int J Fatigue 152:106464. https://​
doi.​org/​10.​1016/j.​ijfat​igue.​2021.​106464

	49.	 Zhang Y, Wang F, Lei Z, Zhang Y, Xuan W et al (2024) Experi-
mental and numerical study on the material constraint effect in 
pipeline steel welded joint. Int J Press Vessel Pip 211:105301. 
https://​doi.​org/​10.​1016/j.​ijpvp.​2024.​105301

	50.	 Liu D, Wang Z, Liu J, Wang Z, Zuo X (2022) Study of the fracture 
behavior of TiN and TiC inclusions in NM550 wear-resistant steel 

during the tensile process. Met. https://​doi.​org/​10.​3390/​met12​
020363

	51.	 Liu T, Long M-j, Chen D-f, Duan H-m, Gui L-t et al (2018) 
Effect of coarse TiN inclusions and microstructure on 
impact toughness f luctuation in Ti micro-alloyed steel. J 
Iron Steel Res Int 25:1043–1053. https://​doi.​org/​10.​1007/​
s42243-​018-​0149-5

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://dl.ndl.go.jp/info:ndljp/pid/10944537
https://doi.org/10.1016/j.ijfatigue.2021.106464
https://doi.org/10.1016/j.ijfatigue.2021.106464
https://doi.org/10.1016/j.ijpvp.2024.105301
https://doi.org/10.3390/met12020363
https://doi.org/10.3390/met12020363
https://doi.org/10.1007/s42243-018-0149-5
https://doi.org/10.1007/s42243-018-0149-5

	Effect of Ti microalloying on the local strain behavior of cross-weld tensile samples determined by digital image correlation
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 MAG welding
	2.3 Metallographic analysis, SEM, and hardness measurement
	2.3.1 Sample preparation, and characterization
	2.3.2 Hardness measurements

	2.4 Thermodynamic simulation of precipitation kinetics
	2.5 Instrumented DIC cross-weld tensile test

	3 Results and discussion
	3.1 Thermodynamic calculation of precipitation behaviour of base materials
	3.2 Microstructure of the softened zone
	3.3 Hardness
	3.4 Global mechanical properties of cross-weld tensile specimen
	3.5 Impact toughness of the investigated microalloying concepts
	3.6 Local strain of weld metal and HAZ

	4 Conclusions
	Acknowledgements 
	References


