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Abstract

Welded joints in 500 MPa offshore steels are often the weakest points in structures, and multiple welding passes for thick sections
can affect the microstructure of the weld metal. While much research focuses on heat-affected zones (HAZ) in the base metal, this
study examines the HAZ in the weld metal, comparing the original weld's microstructure, inclusions, and fracture modes to
simulated coarse-grained (CGHAZ-W) and intercritical HAZs (ICHAZ-W) in the weld metal. The original weld was produced
using submerged arc welding, and HAZs with different cooling times (ts;s = 5, 15, 30 s) were simulated using a Gleeble 3500
thermomechanical simulator. Microstructural analysis, inclusion measurements, and fractography were performed using a field
emission scanning electron microscope. The results showed that thermal cycles altered the microstructure of CGHAZ-W and
ICHAZ-W compared to the original weld. The shortest cooling time (tg;s = 5 s) led to slight hardening in CGHAZ-W. Inclusions,
mainly oxides or oxysulfides, increased significantly in CGHAZ-W, but not in ICHAZ-W. Most samples exhibited ductile
fractures, with microvoid nucleation, although local brittle regions were detected, linked to grain boundary ferrite and side-plate
ferrite in an acicular ferritic matrix.
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1. Introduction

High strength offshore steels are developed for demanding conditions where both high strength and toughness are
required from the materials to ensure the integrity and safe performance of structures made from them. Some of the
typical applications for such steels are offshore oil drilling platforms, wind power mills and ships. For example, some
parts of Valhall oil drilling platform in Norway were constructed using 500 MPa offshore steels (Willms, 2009).

As a result of thermomechanically controlled hot rolling process, the microstructure of 500 MPa offshore usually
consists of fine-grained bainite and ferrite. However, the original microstructure is altered when steels are welded.
The thermal cycles originating from the welding process cause different type of heat-affected zones (HAZ) depending
on the peak temperature and cooling rate of each location in the steel. Additionally, welding of thick steel sections
may require multiple passes causing additional thermal cycles on already altered microstructure as well as on the weld
metal produced during previous passes.

The most important HAZs where the properties are expected to change are coarse-grained (CGHAZ), intercritical
(ICHAZ) and intercritically reheated coarse-grained HAZ (ICCGHAZ). Each of these zones is usually relatively
narrow making it challenging to precisely characterize their microstructures and mechanical properties.

Physical simulation provides a way to produce microstructures imitating those of the different type of HAZs on
sufficiently large area for mechanical tests and microstructural examination. It also makes possible to study the effect
of different welding methods and parameters by adjusting simulation parameters. Consequently, physical simulation
is nowadays rather common way to study the HAZ microstructures and properties (Mician et al., 2020; Weglowski et
al., 2013). However, there are less studies where the physical simulation has been applied on studying HAZs on weld
metal caused by subsequent welding passes (Kang et al., 2018; Tezuka et al., 1995). Therefore, the aim of this study
was to evaluate the effect of multipass welding on the weld metal by examining its microstructure, inclusion content
and fractured Charpy V-notch impact toughness testing samples after physical simulation of HAZ.

2. Materials and methods

The studied base material is a 16 mm thick 500 MPa offshore steel that was welded by single-pass submerged arc
welding (SAW) method. The filler material is ESAB OK 13.24, a Ni- and Mo-alloyed, Cu-coated wire for SAW. The
flux used with the filler material is OK Flux 10.62. The chemical compositions as well as the Ac1 and Ac; temperatures
(calculated by JMatPro v12.2) of the base material and the filler material are presented in Table 1. The following
welding settings were applied: the root gap 3 mm, the edge width 4 mm and the bevel angle 40°.

Table 1. Chemical composition (wt.%), and Ac and Ac; temperatures (°C) of the studied base metal and filler metal.

C Si Mn P S Cu Cr Mo Ni Aci Ac
Base <0.14 <0.6 <1.7 <0.02 <0.01 <0.55 Cr+Mo<0.65 <2.00 626 847
Filler 0.07 0.18 1.3 0.015 0.008 0.06 0.05 0.2 0.78 672 826

70 X 10 X 10 mm? specimens were machined keeping the welded joint in the middle. These specimens were used
for the HAZ-W simulations. Example of the specimen is shown in the part 1 of the study (Géspar et al., 2024).

Thermomechanical simulator Gleeble 3500 was used to produce coarse-grained (CGHAZ-W) and intercritical
(ICHAZ-W) HAZ on the weld metal. Each of the HAZ was simulated using three different cooling time from 800 °C
to 500 °C (tss = 5, 15 and 30 s) to represent the typical welding parameter variation. Peak temperature of CGHAZ-W
simulations was 1350 °C, whereas in ICHAZ-W simulations it was 815 °C defined by determining the A temperature
of the steel by using a dummy sample and adding 50 °C to it. Simulation was based on Rykalin-3D model.

Microstructure of the simulated HAZ-Ws was studied using field emission scanning electron microscope (FESEM,
Zeiss Sigma). The acceleration voltage was 5 kV and the working distance varied approximately between 4 and 6 mm.
The samples for microstructural characterization were cut from the Gleeble specimens keeping the simulation region
in the middle. The samples were placed in specimen holders, grinded, polished and Nital-etched before the FESEM
examination.
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Charpy V-notch (CVN) impact toughness testing was performed using PSD 300 instrumented impact toughness
tester for the simulated HAZ samples. The sample size was 50 X 10 X 10 mm? and the testing temperature was —40
°C. The CVN results are presented and discussed fully in the first part of the study published simultaneously in a
separate paper (Gaspar et al., 2024).

Fractographies of the tested CVN samples were studied using a JEOL JSM 7900F field emission scanning electron
microscope (FESEM). The acceleration voltage was 5 kV and the working distance approximately 8—11 mm.

Non-metallic inclusions in the weld metals were studied using JEOL JSM 7900F FESEM together with energy
dispersive spectroscope (EDS). Inclusions were scanned from a predefined area of polished cross-section samples
using the acceleration voltage of 15 kV and the working distance of approximately 10 mm. The scanned area varied
in the range of 3.6-10.8 mm? and the minimum inclusion length taking into account was 1 pm. For acquiring and
analyzing the data, Oxford’s AZTEC software was used.

Inclusions were classified using a Karakterizer tool (Tervo et al., 2023), which is based on the classification method
developed at the University of Oulu and published in 2018 (Alatarvas, 2018).

3. Results and discussion
3.1. Microstructures

The simulated HAZ-Ws as well as the original weld metal were examined by the FESEM. The original single-pass
weld metal consisted of acicular ferrite (AF). AF is a type of intergranular ferrite nucleating on certain type of non-
metallic inclusions inside the prior austenite grains. AF consists of chaotically oriented needle-like grains with the
width and length of approximately 1-3 um and 5-15 um, respectively. These grains form a complex interlocking
structure, which efficiently prevents the crack propagation, enhancing the fracture toughness properties of the steel
(Loder et al., 2016; Xiong et al., 2015). Beside AF, grain boundary ferrite and ferrite side-plates were observed near
the prior austenite grain boundaries. These types of microstructures are coarser than AF and may be more susceptible
to brittle fracture. The original weld metal microstructure of the studied steel with the measured hardness as a reference

is presented in Fig. 1a.
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Fig. 1. FESEM images of the original weld (a) as well as simulated ICHAZ-W (a, b, ¢) and CGHAZ-W (d, e, f) using the ts5=5s, 15 s, and 30 s,
respectively.
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Intercritical HAZ of the weld (ICHAZ-W) was simulated using the peak temperature 815 °C. The steel is partly
austenitized in this temperature, resulting in some changes in the microstructure. The applied cooling times from 800
°C to 500 °C (ts;s) were 5 s, 15 s, and 30 s to simulate the practical heat input range of the SAW process. Fig. 1 (b, c,
d) show the ICHAZ-W microstructures with the tss = 5s, 15 s, and 30 s, respectively.

The peak temperature for the coarse-grained HAZ of the weld (CGHAZ-W) simulation was 1350 °C. Therefore,
the steel was fully austenitized since the simulation temperature is above Acs temperature of the weld metal as seen in
Table 1. In this case, it is expected that the prior austenite grain growth occurs. The transformation microstructure
depends on the cooling rate. Using high heat input, the cooling rate slows down (cooling time increases), and the
resulting microstructure is less hardened than with low heat input welding. The CGHAZ-W microstructures with the
tss=5s, 15 s, and 30 s are presented in Fig. 1 (e, f, g), respectively.

CGHAZ-W with ts;s = 5 s exhibited a slight hardening, with the measured HV 1o hardness increasing by about 30
HV compared to the original weld metal. In other studied variants the hardness remained approximately in the level
of the original weld metal. The hardening in CGHAZ-W with tss =5 s might be attributed to the finer grains of acicular
ferrite (AF), but also bainite transformation may have occurred during the fast cooling from austenite temperature.
Fig. 1e shows clearly some fine-grained AF in the middle of the image.

3.2. Fractographies

Fractographies of chosen CVN samples were studied using FESEM. The fractography of the original weld metal
is shown in Fig. 2a, and the images of the ICHAZ-W and CGHAZ-W using the minimum and maximum cooling times
(tss) of 5's and 30 s are presented in Fig. 2b—e. The absorbed impact toughness energy is shown as a reference in each
image.

The observed fracture modes were fully ductile in original weld metal and in CGHAZ-W with tg;s = 5 s, mostly
ductile in CGHAZ-W with tg;s = 30 s and ICHAZ-W with tg;s = 5 s, and ductile-brittle in ICHAZ-W with tgs = 30 s.
However, FESEM images revealed that there are local brittle regions also in original weld metal (Fig. 2a). In ICHAZ-
W with tss = 5 s, the brittle fracture appears to occur between ductile regions, resembling the grain boundary ferrite
and ferrite side-plate regions found between AF regions in the microstructure. Grain boundary ferrite is previously
reported to lower the toughness in weld metals with similar composition of the studied material (Kang et al., 2018).

Ductile fracture was characterized by the presence of dimples, which often contained small inclusions at their base.
The dimples are formed due to the nucleation of microvoids around inclusions or other particles within the materials.
By increasing the strain, microvoids grow, coalesce, and eventually lead to the ductile fracture (Becker and Lampman,
2002; Gladman, 1997; Pickering, 1978).

Fig. 2. Fractographies of the Charpy V-notch samples of unaffected weld metal (a), ICHAZ-W with ty;s = 5 s (b) and 30 s (c); CGHAZ-W with ts/s
=5s(d)and 30 s (e).
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Sharp-edged cleavage fractures were observed in ICHAZ-W with ts/s = 30 s, which also had the lowest absorbed
impact toughness energy amongst the studied samples.

Only secondary initiation sites for the brittle fracture were managed to spot in the investigated samples, whereas
the primary initiation sites of the fracture were not spotted in any of the samples. Also, the brittle fracture nucleating
particles were not found. This may indicate that the main concern regarding the weld metal toughness are not
inclusions.

3.3. Inclusions

The primary and desired role of non-metallic inclusions in weld metals is to promote the formation of AF, which
enhances the mechanical properties of the weld. To achieve this, certain types of inclusions or elements that form
these inclusions are intentionally added to the weld metals. The most effective inclusions for AF formation are often
small Ti- and/or Mn-bearing oxides, usually less than 3 pum in size. However, a wide variety of inclusion types and
their effect on AF formation has been previously studied (Loder et al., 2016; Sarma et al., 2009). In addition to the
presence of these inclusions, other factors that promote AF formation include relatively slow cooling rates and coarse
prior austenite grain size (Tervo et al., 2020).

In the present study, inclusions were analyzed in four selected samples: original weld metal, ICHAZ-W with ts;s =
5's, and CGHAZ-W with tg/s = 5 s and 30 s. The scanned area was between 10-20 mm? in case of original weld and
ICHAZ-W with tgs = 5 s. However, in CGHAZ-W with tgs = 5 s and 30 s, the scan was interrupted already before 4
mm? due to the detection of a large (sufficient for a comprehensive analysis) number of small inclusions, which would
make the complete scan take unnecessarily long time. The size distribution of inclusions together with a cluster of
small inclusions detected in CGHAZ-W is presented in Fig. 3. The size distribution shows that CGHAZ-W samples
contain clearly more small inclusions than the original weld metal and ICHAZ-W. Partly this might be due to the scan
settings and/or sampling effect. However, the difference is so big that likely the CGHAZ thermocycle had some effect
on the inclusion content too. The majority of all inclusions in CGHAZ-W samples are very small 1-2 pum but the
number density of inclusions in size groups 2—4 um is also greater than in original weld metal and ICHAZ-W. The
great number of these small inclusions may have promoted the AF formation in CGHAZ-W with tgs = 5 s, even if
generally slower cooling would be more optimal for AF formation. In the original weld metal the number density of
inclusions is generally low and interestingly there are more coarser inclusions = 4-8 pum than small ones. In ICHAZ-
W no big differences to the inclusion content of the original weld were seen.

Type distribution of inclusions classified by Karakterizer, together with chemical composition map of one inclusion
in the original weld metal are presented in Fig. 4. According to Karakterizer, the main inclusion types in all samples
are OX,MnS and OX,MnS, TiN. However, Karakterizer is currently optimized for Al-killed and Ca-treated steel,

= Original weld ICHAZ-W5s wCGHAZ-W5s m=CGHAZ-W30s
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Fig. 3. Cluster of small inclusions in CGHAZ-W with tg;s = 5 s and the size distribution of inclusions in original weld metal, ICHAZ-W with tgs =
5's, CGHAZ-W with tys =5 s and CGHAZ-W with tgs =30 s
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Fig. 4. Inclusion type distribution in original weld metal, ICHAZ-W with tys = 5 s, CGHAZ-W with ts;s = 5 s and CGHAZ-W with tgs = 30 s, and
chemical composition map of one inclusion in original weld metal.

which has generally rather different inclusion content than the weld filler materials. Therefore, for example Ti is
considered to appear together with nitrogen as a nitride, and the existence of titanium oxides is not considered.

EDS-maps were constructed for visualizing the actual chemical composition in a chosen inclusion from original
weld metal. According to Karakterizer this inclusion belongs to the group of OX,MnS,TiN. However, the map reveals
that the inclusion consists mainly of oxide of Ca, Al, Si, Ti and Mg, whereas a small amount of MnS can be found on
the surface of the inclusion.

The increased number density of MnS-bearing oxides was characterized in CGHAZ-W samples. The thermocycle
at the peak temperature of 1350 °C may have promoted the nucleation and growth of MnS on the surfaces of oxides.
This would explain also the large number of small inclusions (1-2 um) in CGHAZ-W samples as in original weld
metal and ICHAZ-W samples the inclusions might have been below the minimum size of 1 um and therefore were
not detected. In the recent paper of Ali et al. (2024) the number of MnS-bearing inclusions was observed to increase
in accelerated cooling of steel compared to the quenching indicating the potential of MnS to nucleate and grow in
elevated temperatures (Ali et al., 2024).

MnS-bearing oxides are known to promote the formation of AF (Mabuchi et al., 1996), which supports the
conclusion that the increasing number of these inclusions attributed to the fine-structured AF seen in CGHAZ-W
samples (Fig. 1).

4. Conclusions

Physical simulation was performed by Gleeble 3500 thermomechanical simulator to produce HAZs on the pre-
existing weld metal joining two pieces of a 500 MPa offshore steel. The studied simulated HAZ regions included
intercritical (ICHAZ-W) and coarse-grained HAZ of the weld (CGHAZ-W) with three different cooling times from
800 °C to 500 °C (tss), specifically 5's, 15 s and 30 s. The aim was to investigate the effect of the thermal cycles on
the microstructures, inclusion contents and fracture surface of CVN samples on the weld metal. Following conclusions
were made:

e The original weld metal mainly consisted of AF nucleated on oxide inclusions, but also grain boundary ferrite
and ferrite side-plates were observed.
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e A slight hardening was observed in CGHAZ-W with tgs = 5 s, whereas other simulated microstructures did not
differ remarkably from the original weld metal when it comes to the hardness.

o Small brittle fracture regions were seen on the fractographies, even in case where the overall fracture was fully
ductile.

o In some cases, brittle fracture regions appeared between ductile fracture regions, resembling grain boundary
ferrite regions in otherwise acicular ferritic microstructures.

e A large number of small (1-4 pm) mixed oxides were detected in CGHAZ-W with tgs = 5 s and 30 s, whereas in
the original weld metal and ICHAZ with ts;s = 5 s the number density of inclusions was much lower and majority
of them were in the size groups of 4-8 um. Majority of the detected inclusions were MnS-bearing oxides.

o Increased number of small MnS-bearing oxides attributed to the fine-structured acicular ferritic microstructure in
CGHAZ-W samples.
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