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Abstract

Microalloying elements such as Nb and Ti are essential to increase the strength of quenched and tempered high-strength
low alloy (HSLA) structural steels with nominal yield strength > 690 MPa and their welded joints. Standards such as EN
10025-6 only specify limits or ranges for chemical composition, which leads to variations in specific compositions between
steel manufacturers. These standards do not address the mechanical properties of the material, and even small variations in
alloy content can significantly affect these properties. This makes it difficult to predict the weldability and integrity of welded
joints, with potential problems such as softening or excessive hardening of the heat-affected zone (HAZ). To understand
these metallurgical effects, previous studies have investigated different microalloying routes with varying Ti and Nb contents
using test alloys. The high-strength quenched and tempered fine-grained structural steel S690QL is the basic grade regarding
chemical composition and heat treatment. To evaluate weldability, three-layer welds were made using high-performance
MAG welding. HAZ formation was investigated, and critical microstructural areas were identified, focusing on phase trans-
formations during cooling and metallurgical precipitation behavior. Isothermal thermodynamic calculations for different
precipitations were also carried out. Mechanical properties, especially Charpy notch impact toughness, were evaluated to
understand the influence of different microalloys on the microstructure of the HAZ and mechanical properties.

Keywords High-strength structural steel - Gas metal arc welding - HAZ-softening - Notch impact toughness -
Microalloying influences - Thermodynamic simulation

1 Introduction

The use of high-strength low alloy (HSLA) steels has
become indispensable in many industrial sectors such as
building construction, offshore structures, and mobile
crane construction. In that connection, these steels provide
economic and ecological potential benefits (e.g., by light-
weight construction) due to the combined high strength
and toughness [1-3]. Because of increasing service loads
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of components, high requirements are placed on the integ-
rity of these steels and their welded joints. For this reason,
the chemical composition is of special interest, especially
in the addition of microalloying elements such as Nb, Ti,
and V, combined with the microstructure adjustment dur-
ing steel manufacturing [4, 5]. Current standards like EN
ISO 10025-6 [6] define the chemical composition of these
HSLA steels to achieve the required mechanical properties.
Within the standard, steel manufacturers can use a more or
less large range for the selection of alloying elements, so
that the chemical composition can vary [7]. Considering the
weldability of the HSLA steels, their metallurgical behavior
in the heat-affected zone (HAZ) is divergent even with the
addition of small Nb and Ti amounts in the base metal (BM).
Previous investigations on single and three-layer welds with
identical filler metal showed that Nb-microalloyed HSLA
steel tends to harden in the HAZ [8]. In contrast, Ti-microal-
loyed steel showed intensive softening in the subcritical and
intercritical HAZ regions [8—11]. However, welding fabrica-
tion with modern high-performance processes (such as the
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modified spray arc) is characterized by high dilution of the
BM and the necessary consideration of multiple tempering
effects during multi-layer welding. Using different microal-
loying concepts suggests a divergent mechanical behavior
of the welded joint, especially in both the weld metal (WM)
and the HAZ.

For example, Jiang et al. and Zhang et al. [12, 13] have
discussed the effects of the microstructural characteristics
of the base material, HAZ, and WM on fracture toughness.
Influences such as grain size [14], hard inclusions [15], M-A
(martensite-austenite) phases [16, 17], type of precipitates
[18], and their distribution on the cleavage fractures have
been analyzed there. For example, Bertolo et al. [19] showed
that especially brittle Nb-rich precipitates in a HSLA steel
S690QL had the most significant influence on the cracking
susceptibility compared to the M-A constituents. The reason
was that the Nb-rich inclusions had a higher nano-hardness
than the M-A constituents. Other authors [20, 21], however,
found no significant effect of precipitates, such as carbides
and aluminum oxide precipitates, on the toughness of the
intercritical coarse-grained heat-affected zone ICCGHAZ).
Contrasting studies [21, 22] observed that TiN inclusions in
bainitic steel could act as crack initiation sites for cleavage
fractures in the thermally simulated coarse-grained heat-
affected zone (CGHAZ). In [23], the influence of Mo and
microalloying elements such as Ti and Nb on precipitation
behavior and toughness was investigated. The combina-
tion of Mo and Nb showed that the precipitate size and the
hardening effect were reduced due to the increase of fine
carbides. The higher content of Nb and Mo led to better
hardenability and favored the formation of non-polygonal
structures such as bainitic ferrite [24]. From the WM per-
spective, its toughness is highly dependent on the cooling
rate and the resulting microstructure, such as acicular fer-
rite or bainite. Furthermore, dilution between the BM and
the filler metal during welding had a major influence on
the resulting WM toughness. In that connection, gas metal
arc welding (GMAW) with a modified spray arc resulted in
a relatively high degree of dilution. It was observed that a
Nb-microalloyed S690QL led to a higher Mo content in the

WM because of the increased BM dilution. This favored the
bainite formation in combination with high cooling rates,
which in turn decreased toughness. However, no significant
influence of precipitates on the crack initiation in the WM
could be determined within the Charpy test [11].
High-performance multi-layer welding of Ti- or Nb-
microalloyed HSLA steels like the S690QL can cause chal-
lenges for the mechanical performance of both the WM
and HAZ by the combined dilution of the BM and multiple
tempering effects by welding of the individual layers. The
individual influence on the mechanical properties of dedi-
cated amounts of microalloying elements has hardly been
investigated so far. For that reason, in the present study,
three-layer welds were carried out for different microalloyed
high-strength S690QL using a modified spray arc. Charpy
tests were carried out on the respective BM, WM, and HAZ
to determine the impact of toughness. In addition, micro-
structure analyses and fracture surface topography investi-
gations were carried out, and the precipitation behavior was
inspected using thermodynamic equilibrium calculations.

2 Materials and methods
2.1 Materials

For a systematic investigation of the influence of microal-
loying routes on weldability, four melts were produced and
heat-treated. The first melt was a conventional S690QL in
quenched and tempered (Q +T) condition. Based on this
reference grade, two additional alloying routes were inves-
tigated. In accordance with HSLA steels in Q+ T condition,
15-mm-thick plates were produced by voestalpine Grobblech
GmbH, Linz, Austria. Considering the chemical composi-
tion limits according to [6], the contents of Ti and Nb were
systematically varied. The chemical composition in accord-
ance with the standard is shown in Table 1 (BM: Stand.).
The values specified in the standard represent the maximum
limit values for the chemical composition. The reference
melt of S690QL did not contain any Ti or Nb. Grade “A”

Table 1 Chemical composition  goene  Cc  Si Mn Cr Cu Mo Ni Al Nb Ti N CET® CEV®

in wt.% of tested materials by

OES (Fe-balance) BM: Stand.* 020 0.80 1.70 1.50 0.50 0.70 4.0 0.06 005 0015 0.65
BM:Ref  0.09 030 1.61 0.18 0.02 030 0.9 0.10 - - 00063 030 047
BM:A(Nb) 0.07 029 154 0.17 0.02 029 0.18 0.10 0.025 -  0.0059 027 043
BM:B (Ti) 0.07 030 153 0.17 002 030 0.19 010 -~ 0015 0.0055 027 044
WM: G69°  0.09 043 132 0.2 0.09 0.55 143 0002 0.001 0019 0007 033 0.56

“EN 10025-6 S690QL

YEN 1011-2

“EN ISO 16834-A-G 69 6 M Mn4Nil.5CrMo, chemical composition in accordance with the manufactur-

er’s test report
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represented Nb-alloyed steel and grade “B” Ti-microal-
loyed steel. For the welding experiments, a solid filler wire
(@ 1.2 mm) was used. The strength class corresponds to a
commercial G609 filler wire (according to ISO 16834 [25]).
The calculated carbon equivalents (CET and CEV) [26, 27]
are shown for comparison. The calculated carbon equivalent
suggests that the weldability is generally good, and the sus-
ceptibility to cold cracking is low. The chemical composi-
tion was identified by optical emission spectroscopy (OES)
using a SPECTROTEST system (SPECTRO Analytical
Instruments GmbH, Germany) (Table 1). Table 2 shows the
mechanical-technological properties of the tested materials.

2.2 Welding experiments

Three-layer welds under free shrinkage conditions were
produced using automated metal active gas (MAG) weld-
ing, and an alpha Q 552 welding source (EWM GmbH,
Germany) was used for the welds. The characteristic power
range (controlled by the U/I parameter) of the modified spray
arc was applied. Thus, a V-groove welding plate preparation

with a total opening angle of 30° was realized (i.e., machin-
ing of 15° angle for each welding plate), see Fig. 1c. The
total length of the weld seam was 300 mm, and the width
per weld plate was 150 mm. The preheating and interpass
temperature were maintained at 100 °C. The shielding gas
was M21 (in accordance with DIN EN ISO 14175 [28]) with
82% Ar and 18% CO,. The welding speed was kept constant
at 400 mm/min. The DC polarity was used with a welding
current from 262 to 280 A and arc voltage from 24 to 26 V.
The average welding heat input was 1 kJ/mm, and the aver-
age Atgs time (measured by laser pyrometer) was 7.8 s. To
observe the cooling conditions during and after welding,
four types of K thermocouples (thermos-wire thickness of
0.25 mm) were applied on the top and root side of the weld-
ing sample as shown in Fig. la and c.

2.3 Metallographic analyses and hardness tests
The samples for the metallographic investigations were cut

from the welded plates transverse to the welding direction
and from the center of the weld seam. They were embedded

Table 2 Mechanical properties

fth al Property Yield strength,  Tensile strength, Elongation at Impact Hardness (HV)
of the tested materials R, (MPa) Rm (MPa) fracture, A5 (%) toughness,
Av:—40°C ()
BMs?* 690 770 to 940 14 Min. 27 284.2 (HV1)*
WM: G 69° 733 811 21.4 87.7 (641 264.3 (HV10)
at—60 °C)

“EN 10025-6 S690QL, properties in accordance with the standard
YEN ISO 16834-A-G 69 6 M Mn4Nil.5CrMo, properties from the producer’s test report

“Hardness testing
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in an electrically conductive embedding compound, mechan-
ically ground, and polished to 1 um. Finally, they were
etched with 2 wt.% Nital etchant for 10 to 15 s at room
temperature. In addition, HV1 hardness measurement rows
(according to ISO 6507-1) were located along each layer to
allow a quantitative statement about the hardness distribu-
tion. The distance between each hardness indentation in both
the WM and BM was 0.50 mm, and the distance in the HAZ
was 0.25 mm.

The fracture surfaces of Charpy V-notch specimen areas
were evaluated using the Image] (version: 1.52e, developed
by Wayne Rasband from the National Institutes of Health,
USA) image processing software. Macro photographs of the
fracture surfaces were previously taken using a Canon EOS
600D SLR camera. The microprobe analysis to determine
the Mo distribution in the HAZ was carried out with a JEOL
microprobe JXA-8900 RL. The mapping to visualize the ele-
ment distribution was carried out with 15 kV acceleration
voltage, 100 ms counting time, and 75 nA probe current.
The map size was approx. 250 um? (number of increments
250 % 250 um?, incremental steps of 1 um).

2.4 Charpy V-notch impact toughness test

For each material shown in Table 1, three specimens were
machined from both the WM and HAZ regions (with the
prior etching of the HAZ samples described in Section 2.3
to identify a sufficient notch position). Charpy V-notch
specimens were also machined from the BM for compari-
son purposes. To ensure an identical thermal cycle history of
the samples, they were machined from the mid-plate thick-
ness region with the dimensions of 55 mm width X 10 mm
thickness X 10 mm length, as shown in Fig. 2. The Charpy
impact tests were carried out at —40 °C according to EN
ISO 148-1:2017 [29]. For that purpose, a pendulum impact
tester of the model HIT750P (Zwick Roell GmbH, Germany)
was used.

The appearing fracture surface topography after the
impact testing was analyzed using a scanning electron
microscope (SEM) Phenom XL (from Thermo Fisher) at
an acceleration voltage of 15 kV using a secondary electron
detector (SED).

Fig.2 Schematic illustration of
V-notched impact specimens
extraction locations from the

2.5 Thermodynamic simulation of precipitation
kinetics

Complementary to the experimental investigations, thermo-
dynamic modeling was carried out using the Thermo-Calc
2022b software (for thermodynamic equilibrium phase dia-
grams) [30] and the application of the TC-PRISMA mod-
ule (simulation of precipitation behavior). In the present
work, the Fe-database “TCFE11” and the kinetics database
“MOBFE6” were used. To determine the precipitation
behavior of the three differently microalloyed base materi-
als, phase diagrams were calculated in the equilibrium state
(all alloying elements from Table 1). Their volume fraction
(based on a total system size=1 mol) was calculated as a
function of temperature (range between 500 and 1600 °C).
This provided fundamental insights into the differences
between the materials regarding their precipitation behavior
in the equilibrium state.

3 Results and discussion
3.1 Base metal characterization

In this section, the metallurgical behavior of the three inves-
tigated base materials before welding is analyzed and pre-
sented in detail.

3.1.1 Precipitation behavior in an equilibrium condition

Basic phase diagrams of the different microalloyed grades
were calculated using Thermo-Calc. This allowed the pre-
diction of both the type and respective temperature range of
the occurring precipitates. Figure 3 shows the volume frac-
tions of precipitates that precipitate in the austenite phase
region as a function of the temperature of all three inves-
tigated BMs in the equilibrium state. The S690 QL refer-
ence sample, without Ti and Nb, only shows precipitates in
terms of aluminum nitrides at 1191 °C, the phase volume
fraction settles at 4.4 x 10~ mol when cooled to 500 °C.
Aluminum serves both as a deoxidization element during
steelmaking and as a grain refiner [31]. The steel grades

Charpy V-notch specimen:

from WM region

from HAZ region

welded plate (colored areas rep-

resent the V-notch respectively

the location of the notch of the

Charpy specimen) -
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Fig.3 Equilibrium phase fraction of precipitates for each investigated
BM (in as-received condition)

A and B contained the same amount of Al as the reference
grade (deoxidization element for the melt). The precipita-
tion behavior of grade A (Nb-alloyed) shows Nb-bearing

carbonitrides at 1100 °C. The final phase fraction after
cooling is 3.6 x 10~ mol. Grade B (Ti-alloyed) only shows
TiN precipitates at 1478 °C in equilibrium condition, with a
phase fraction of 2.9 x 10~* mol.

It must be noted that the conducted simulations repre-
sented the “ideal” thermodynamic equilibrium condition and
must be viewed with caution, as welding represents a non-
equilibrium due to its welding thermal temperature cycles
with rapid heating, short holding times, and rapid cooling.
Nevertheless, these simulations could provide initial indica-
tions of the precipitation behavior.

3.1.2 Microstructure of base materials

Figure 4 shows the SEM images of the three BMs and a
respective image of the WM (from the first filler layer, once
tempered by the final cover layer, both at a magnification of
4200). All three BMs show a typical HSLA-steel complex
microstructure (Fig. 4a—c). This encompasses martensite
(M), auto-tempered martensite (ATM), and coalesced mar-
tensite (CM). The microstructure of the WM (Fig. 4d) con-
sists of acicular ferrite (AF). The Vickers hardness of the
three base materials investigated was analyzed to be between
281 and 331 HV1, and the hardness in the WM of the second

Fig.4 SEM figure of BMs and WM: a S690QL reference without Nb and Ti, b WM microstructure, ¢ BM grade A (with Nb), and d BM grade

B (with Ti)
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layer was between 245 and 287 HV 1. The grain size of the
three steel grades is between 12.2 and 15.7 pm [9].

3.2 Charpy V-notch toughness
3.2.1 Base materials

The investigation of the impact toughness showed a clear
difference (Fig. 5a). The reference alloy had an impact
toughness of 101.7 +£47.4 J, whereby the SEM evalu-
ation of the fracture surface areas showed a predomi-
nantly ductile fibrous zone (F) of 40% of the total frac-
ture surface area, see Fig. 5b. This was characterized by
a ductile fracture surface topography with small dimples
(Fig. 6a). Microalloying route A (Nb), which contained
only Nb as a microalloying element, exhibited a mixed
fracture behavior, with a predominance of cleavage frac-
ture radial zone (R) with 81%. The impact toughness
was 55.6 +17.8 J. Both the reference alloy and grade

Fig.5 Charpy impact test
results of BMs: a impact
energy, b exemplary macro-
graph of fracture surface of a
V-notched impact specimen
with percentage share of fibrous
(F) zone, (S) shear lip zone, and
(R) radial zone in [%]

2

3

]
S

8

CVN energy [J]

5 8 8

Reference A (Nb)

Base Materials

Fig.6 Exemplary fracture
surface topographies of the
investigated BMs. The images
shown represent the highest
proportion of the measured
surface topography according
to Fig. 5b: a reference, b grade
A (Nb-alloyed), and ¢ grade B
(Ti-alloyed)
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A (Nb-alloyed) achieved the required minimum impact
energy of KV,=27J at —40 °C for transverse specimens,
in accordance with [6]. Grade B (Ti-alloyed) showed
a very high proportion of cleavage fracture (86%, see
Figs. 5b and 6¢) and an impact toughness of 36.1 +25.8 J,
which must be evaluated critically with regard to the rela-
tively high standard deviation. In addition, grade B (Ti-
alloyed) showed large inclusions on the fracture surface.
It was shown in [32] that coarse Ti inclusions, which are
irregularly distributed in the matrix, can serve as potential
cleavage fracture incubators for the formation of micro-
cracks. This can explain severe deviations in the impact
toughness values. Inclusion in sample B (Ti-alloyed) could
be identified as a multi-element inclusion (see EDX spot
analysis in Fig. 6¢). Due to the identified composition and
considering the thermal stability (see Fig. 3), an aluminum
oxide formed first, followed by titanium nitrides alongside
with manganese sulfides [33]. However, these inclusions
were not identified here as crack initiation sites, as no

()]

CVN energ

BM F[%] S[%] RI[%]

Reference 40 30 30
A (Nb) 7 12 81
B (Ti) 4 10 86
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typical crack propagation across the interfaces between
particle (TiN inclusion) and matrix was recognized here.

3.2.2 Heat-affected zone

To justify the impact toughness behavior of the HAZ of the
welded BMs, the metallurgical behavior in the specific HAZ
must be understood in depth. HSLA steels are known to
exhibit softening in the HAZ during welding, i.e., a signifi-
cant reduction in hardness in the HAZ compared to the WM
and the BM [8, 34]. Vickers hardness series was set to ana-
lyze the hardness distribution in the individual layers. Based
on the symmetry of the weld seam and the resulting sym-
metrical thermal conduction, aligned hardness measuring
spots were set from the center of the weld seam. The hard-
ness distribution in the top and filler layers along the WM
via the HAZ to the BM of the three welded BMs showed

the following results (Fig. 7). Thus, the strong influence of
the tempering effect in the HAZ can be recognized in the
filling layer.

On the one hand, hardening effects can be seen in the top
layer due to the lack of further tempering in the subsequent
layers, and on the other hand, the “hardening sink” can be
seen between the hardening area and the BM. Due to the
30 V seam preparation, the filler layer has a narrower WM
and HAZ area than the top layer. Due to the intense tem-
pering effects caused by the final top layer, the material is
recrystallized, resulting in a reduction of the hardness in the
HAZ of the intermediate filler layer (240 HV1 compared
to 350 HV1 of the top layer). For that reason, the notched
impact samples were taken from the mid-plate thickness
region (1/2 * thickness), i.e., where the first filler layer is
mainly located). Figure 8 shows additional light optical
microscope (LOM) micrographs of the tempering areas of

Fig.7 Hardness distribution 360 T
in the top and filler layer of all A
three welded BMs i Mﬂ ‘ b rg Z—tOP | @@
340 /:A A \VN\\N\K
— \ X .
>
L.
o 300 3
5 4 AN b
@ 280 [ jwm ] %' [ ” 'BM|
j(:“ J x] = / |_|
\ \ vr\/ /‘ ——=— Reference_top
/ ——B T| top
LA \/‘ —=— Reference_fill
—e— A_Nb fill
24 ¥ ¢ - =
0 o ——B_Ti_fil
I 1 I N 1

2 4 6 8 10 12 14 16

Distance from weld center line [mm]

' 50 pm

Fig.8 LOM micrographs of tempered HAZ investigated BMs, i.e., regions of the lowest hardness: a reference grade, b grade A (Nb-alloyed),

and c grade B (Ti-alloyed)
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the filler layers of the three welded BMs (see areas marked  secondary hardening effect in the HAZ was not observed, as
in green in Fig. 2). These additional LOM micrographs were  this phenomenon can typically only be observed with longer
taken because of the better contrast range of the optical ~ holding times > 500 °C [38, 39]. In contrast to grade A, this
microscope images compared to the SEM. The investigated  kind of delayed tempering was not observed in grade B (Ti-
area was exposed to temperatures between 700 and 500 °C  microalloyed). The microstructure consists of a necklace-
due to the multi-layer welding (see Fig. 1a). Evaluating the  like arrangement of ATM along the prior austenite grain
micrographs, a divergent phase distribution between the = boundaries (PAGBs) and a high volume fraction of ferrite
three BMs was recognized. The most significant difference  (see Fig. 8c). In contrast to grade A (Nb-microalloyed), Mo
was identified between grade A (Nb-microalloyed) and grade =~ was homogeneously distributed in the HAZ and did not form
B (Ti-microalloyed). The Nb-microalloying results in asig-  clusters (see Fig. 9c). It was reasonable to assume that Nb
nificantly increased share of ATM and a limited amount of  and Mo had a combined, synergistic effect. Further studies
ferrite. Furthermore, it can be assumed that carbide clusters showed that the addition of Nb and Mo decelerates static
form within ATM at these temperatures [16, 35]. Previous recrystallization [37, 40, 41].

studies have shown that a high amount of carbide-forming The S690QL reference (without Ti or Nb) did not show
elements such as Mo and/or Cr increases the resistance to  a pronounced tempering resistance. In that case, the ATM
softening by reducing the driving force of the tempering  appeared to be “blurred” or decomposed into ferrite (see
reaction, e.g., by stabilizing the martensite [36—38]. There-  Fig. 8a). This indicates that microalloying by Nb and Ti has
fore, electron probe-microanalyses EMPA in the HAZ (see ~ a major influence on the tempering resistance.

Fig. 9a—c) have shown that, in contrast to the reference and As shown in Fig. 10a, the impact toughness of the
grade B (Ti-microalloyed), Mo accumulates in the outer =~ HAZ showed that all tested HAZ specimens reached the
HAZ of grade A (Nb-microalloyed) (see Fig. 9b). required standard specifications of >27 J at a test tem-

In addition, Mo is known to form secondary carbides at ~ perature of —40 °C. The HAZ of the reference grade had
lower temperatures during tempering. The tempering reac-  an impact toughness of 75.5+31.7 J, the HAZ of grade

tion can thus be retarded. As a result, grade A (Nb-micro- A (Nb-microalloyed) showed 79 +39 J, and the HAZ of
alloyed) was more tempering resistant. A considerable  grade B (Ti-microalloyed) had the highest toughness of

50 100 150 200 250

Fig.9 Corresponding EPMA mapping of Mo distribution in HAZ: a reference grade, b grade A (Nb-alloyed), and ¢ grade B (Ti-alloyed)

Fig. 10 a Impact energy of @

investigated HAZ and b fracture

topography fraction of investi- 1604
gated HAZ 140
="120
- HAZ F[%] S[%] RI[%]
9 100 4 -
2 ] I - Reference 24 35 41
[0)
g 60- l A (Nb) 26 39 35
401 B (Ti) 20 40 40
20 4
0 T T T
Reference A (Nb) B (Ti)
HAZ
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92+3.3] (i.e.,>2.6 times of the corresponding BM). This
could be explained by the different microstructures in the
tempered HAZ (compared to Fig. 8) and the resulting
softening in all investigated alloys (compared to Fig. 7).
The corresponding percentage fraction of the fibrous (F),
shear (S), and cleavage fracture radial zone (R) is shown in
Fig. 10b. The corresponding fracture surface topography
can be found in Fig. 11a—c.

The fracture surface topographies exemplarily shown in
Fig. 11a—c were taken from the R-area of the HAZ impact
samples and recorded via SEM (magnification X 4000).
All fracture topographies indicate a transgranular quasi-
cleavage fracture with a small fraction of ductile fracture
(characterized by isolated dimpled regions). Significant
differences in the fracture surface topography of the three
HAZ could not be identified.

A determination of the toughness properties of the HAZ
based on selected specimens must be viewed critically, as
the results of the notched impact toughness are not only
dependent on the position and location of the machined
notch, but also on the weld geometry and shape. Further-
more, the results of the Charpy impact tests of the HAZ
must be viewed with caution here, as only two impact sam-
ples were available per alloy due to material limitations.

3.2.3 Weld metal

Figure 12a shows the Charpy impact test results of the WM,
and Fig. 12b shows the percentage share of the respective
F-, S-, and R-zone. It should be noted that both the chemical
composition of the G69 filler wire and the welding condi-
tions (heat input) were identical for all welding experiments,
i.e., similar cooling conditions were applied. Differences in
the final chemical composition and microstructure of the
WM are mainly attributed to the Nb or Ti alloy element
pick-up by the dilution of the different BMs. The WM micro-
structure consisted mainly of AF with round precipitates and
complex Al, Ti, and Mn inclusions (with several um in size).
This was also reported in reference [9]. The minimum WM
hardness of the S690QL reference grade was 247 HV1, for
grade A (Nb-microalloyed) 261 HV1, and for grade B (Ti-
microalloyed) 252 HV1 (see Fig. 7).

The impact absorbed energy values of the WM speci-
mens varied moderately. This could be attributed to the
heterogenous WM microstructure or to welding imperfec-
tions such as for example micropores. Nevertheless, the
CVN energy values were comparable to the HAZ samples
but met the requirements of >47 J at—40 °C, in accord-
ance with [25]. The WM of the S690QL reference grade had
an impact toughness of 66.6 +27.5 J compared to grade A

. transgr. -
- quasi-cleavage -

&

fracture

Int.

Fig. 11 Exemplary fracture surface topography of investigated Charpy samples for all three HAZ microstructures: a S690QL reference grade, b

grade A (Nb-alloyed), and ¢ grade B (Ti-alloyed)
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Fig. 12 a Impact energy of

investigated WM and b fracture
surface fractions of three inves-
tigated HAZ 140 4
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(Nb-microalloyed) with 95.4 +14.6 J. Grade B (Ti-micro-
alloyed) had the highest impact toughness of 100.8+7.5 J.
According to [25], only one value of the impact energy out
of three samples can be <47 J but must be a minimum of
32 J. This was the case for the reference grade with 35.11J
for one sample.

These relatively high impact energies of all investigated
WM samples can be explained by the predominant AF
microstructure, which is characterized by its high tough-
ness [42] compared to bainite. In addition, the dilution of
the BM and the intermixing with the welding wire composi-
tion play a major role. In that connection, the degree of BM
dilution is characterized by the initial weld seam geometry
vs. the final weld seam (fusion line) and determined via
cross-sections [10], i.e., which share of the BM is melted
during welding. Considering this, the average dilution in

all three welded alloys was 41%. This means that a high
portion of the respective BM alloying elements was present
in the final solidified WM. Hence, the different intermixed
WM compositions had a significant influence on the impact
toughness. For example, it is well known that titanium and
its precipitates are excellent nucleation promoters for the
occurrence of AF with the mentioned high toughness [11,
43]. This could be proven for both the WM of grades A and
B compared to the reference BM. From that point of view,
a careful selection of microalloying elements is suggested.
Figure 12b shows the evaluation of the percentage share
of the F-, S-, and R-zone. The corresponding fracture topog-
raphies can be found in Fig. 13a—c. The analysis was carried
out on samples that had no imperfections such as porosi-
ties in the WM. The reference material and grade A (Nb-
microalloyed) showed a high proportion of shear lip zone

Fig. 13 Exemplary fracture sur-
face topography of intermixed
WM of G609 filler wire welded
to a reference grade, b grade A
(Nb-microalloyed), and ¢ grade
B (Ti-microalloyed)
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(Sgeference: 43% and S p,): 69%, Fig. 12b). Figure 13a and
b shows fracture surfaces from the shear lip zone of inves-
tigated alloys. These fracture surfaces indicate a ductile
behavior due to finely distributed cavities/dimples, which
are characteristic of high toughness. Within the dimples that
formed during plastic deformation, there were round inclu-
sions (Fig. 13a—c, marked with a white arrow for the inves-
tigated materials). The inclusions were identified as Al- or
Si-oxides (using EDX spot analysis). The WM of grade B
(Ti-microalloyed) showed a high proportion of quasi-cleav-
age fractures (with R=68%, as shown in Fig. 13c¢), i.e., a
pronounced brittle fracture. The quasi-cleavage fracture
surfaces or cleavage planes were connected by tear ridges
and shallow dimples. Small inclusions within dimples and
cleavage facets were identified and could be also character-
ized as Al- or Si-oxides.

4 Conclusions

In this study, the metallurgical influence of various microal-
loyed HSLA steel of strength class S690QL on the impact
toughness was analyzed. In particular, the influence of Nb
and Ti as microalloying elements in the BM was analyzed
separately. For this purpose, three-layer welds were carried
out, and notched bar samples for the Charpy impact test
were extracted to analyze the impact toughness at —40 °C
in WM, HAZ, and BM. The following conclusions can be
drawn from the results presented:

e The tempering resistance of the HSLA S690QL was
highly dependent on the microalloying elements. For
example, grade A (Nb-microalloyed) was reported to
have a higher tempering resistance in both the intercriti-
cal HAZ and subcritical HAZ. This was explained by
the synergetic interplay of Mo and Nb, which retards the
martensite decay in the tempering regions and thus pre-
vented the steel from softening significantly in the HAZ
during welding.

e The BM of grade B (Ti-microalloyed) partially failed
to meet the standard requirement of 27 J at—40 °C in
the Charpy test. This was supported by the findings of
the mostly cleavage-like fracture topography. From this
point of view, the impact toughness of Ti-microalloyed
S690QL must be carefully evaluated.

e The HAZ of grade B (Ti-microalloyed) showed a high
impact toughness (almost 3 times that of the BM)
because the hardened microstructure consisted of large
ferrite plates and a necklace structure of ATM along the
PAGBs. The crack propagated as a transgranular quasi-
cleavage fracture.

e The good impact toughness properties of all WM samples
can be explained by the high degree of dilution between

the base and deposited WM, with AF as the predominant
microstructure regardless of the chemical composition.
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