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Abstract

Gas metal arc welding with metal-cored filler wires is frequently used to weld high strength steel constructions for
lightweight and transportation applications. In the current study, microalloying is considered as strengthening concept
for reaching the required mechanical properties by precipitation hardening. For this purpose, the typical microalloying
elements Ti, Nb, V, and Al were added to the filler metal in a comparatively high amount (up to 0.5 m.%). All-weld
metal samples with a yield strength of 1000 MPa and more were produced by gas metal arc welding. Laser-pulsed atom
probe tomography was used to evaluate the potential of these elements to form clusters or precipitates and strengthen the
weld metal. While Al and Nb did not form clusters, a strong tendency for clustering was found for V- and Ti-alloyed
samples. The cluster size evolution and changes in chemical composition depending on the microalloying contents are
discussed. Furthermore, the challenges arising from local alloying element enrichments and local differences in thermal

history in the all-weld metal are addressed regarding sample preparation and data evaluation.
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1 Introduction

Welding of steels with matching filler materials promises a
well-balanced property profile over the entire construction.
High strength steels are currently used for cranes, cantilevers,
or lightweight applications. Sheets with a yield strength up to
1300 MPa are readily available, which results in the need for
matching welding consumables. In the field of welding, the
trade-off between strength and toughness of the material is
ubiquitous because of the limited applicability of
thermomechanical processing after welding. Therefore, an elab-
orate alloy design is crucial for good service properties.
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With high strength steel welds, the best results were
achieved by using the well-known microalloying elements
Al and Ti for modifications of the inclusions, which resulted
in a high amount of acicular ferrite [1, 2]. Acicular ferrite
was established as a favored microstructure in steel welds
[3-5]. However, the strength of acicular ferrite is limited. In
order to create the next generation of steel welds, stronger
microstructures like martensite mixed with bainitic constit-
uents had to be considered. This yielded welds with a yield
strength of approx. 1000 MPa [6, 7].

Currently, experiments are running with the goal of devel-
oping a filler material with a yield strength of 1100 MPa.
Several alloying systems were used in previous studies, leading
to promising results regarding both strength and toughness [8,
9]. In these studies, high-resolution imaging methods were ap-
plied to analyze the microstructure of the welds [9]. It was
shown that microalloying can serve as an alternative concept
for welds regarding strengthening [8]. A combination of Ti,
Nb, and Al increased the strength of the welds effectively, as
was predicted by thermodynamic and kinetic simulations.
However, the type and nature of the presumably existing pre-
cipitates were not described in detail.

The microalloying elements Ti, Nb, Al, and V are well
known for their beneficial effects in several types of materials
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[10—12]. Because of their low solubility in ferrite, microalloy
carbides and nitrides are very stable. They can form in
several temperature and phase regions and are usually of
MX-type. Regarding strength, precipitates formed in a
supersaturated ferrite during reheating of the material are
most effective [12].

One way to characterize the particles resulting from
microalloying is using atom probe tomography [13]. The
combination of nearly atomic resolution and information
on the chemical identity of the measured atoms can deliv-
er deep insights in the precipitation behavior of a material
[14]. This has been used to identify precipitates in steels
microalloyed with the classical microalloying elements,
like Ti, Nb, V, or Al [15-19], but also to identify clusters
resulting from Cu additions [20, 21] or to investigate nu-
merous other alloy systems. Recently, a method was
established to directly observe hydrogen trapping in a ma-
terial [22], which could be of great value for the welding
community.

Nevertheless, in the research field of welding, only few
investigations involving atom probe tomography can be
found. A good overview of the early use of atom probe on
weld metals was given by Vitek and Babu [23]. In the last
few years, atom probe tomography was mainly used to char-
acterize the precipitation behavior of Cu-bearing pressure
vessel steel welds [21, 24-27] or to study welds of more
exotic materials like Y-rich Ti-5111 [28], friction stir welds
of nanostructured ferritic alloys [29], or dissimilar metal
welds [30].

The current paper intends to point out the potential of
using atom probe tomography for weld metal. A procedure
for sample preparation and data evaluation for the special
case of multi-layer weld metal is suggested. The method is
used to investigate several differently microalloyed sam-
ples regarding their cluster and precipitate populations.
By comparing these microstructural features with the
resulting strength of the weld metal, this should clarify
which microalloying elements have the highest strengthen-
ing potential for steel welds.

2 Materials and methods

The investigated all-weld metal samples were produced by
gas metal arc welding according to DIN EN ISO 15792-1. A
macro-etched cross-section of such an all-weld metal is shown
in Fig. 1. Two groups of alloys were designed to investigate
the influence of different microalloying elements on the pre-
cipitation characteristics.

In the first group, several microalloying elements were
added to the reference filler material, namely Ti, Nb, V, Al,
and N. The chemical composition of the alloys was measured
by optical emission spectroscopy and is stated in Table 1. The
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Fig.1 Cross-section of an all-weld metal sample, macro-etched with nital

O content was 400—-500 ppm in all alloys. With this first alloy
group, it was intended to test the general effect of microalloying
on the weld metal properties.

In the second group, the microalloying elements were sepa-
rated to clarify, which elements were driving the precipitation
process. Therefore, specimens were fabricated containing V
and Al separately (Table 2). Please note that an inherent content
of ca. 50 ppm N and 100 ppm Ti is also present in alloys
without an intended N or Ti addition.

The tensile strength of the samples was determined by ten-
sile tests at room temperature according to EN ISO 6892-1 after
a soaking treatment at 150 °C for 16 h to remove residual H.

For the characterization of the precipitates, atom probe
tomography was used. The atom probe measurements
were performed in a Cameca LEAP 3000 X HR in laser
mode with the following parameters: temperature 60 K,
pulse repetition rate 250 kHz, laser energy 0.3 nJ, target
evaporation rate 1%. The specimens were prepared by
cutting rods in welding direction with a cross-section of
0.3 x0.3 mm?, followed by the well-known electrolytic
two-step process [31] to generate sufficiently sharp tips.
The specimen radius should be in the range of 10 to
50 nm. For an elaborate explanation of this two-step pro-
cess and guidelines for the preparation of different mate-
rials, please refer to [32].

Generally, all tips were prepared from random locations
within the all-weld metal. Therefore, the thermal history of
the tips cannot be specifically stated. Due to the multi-layer
welding, a bead is reheated shortly by the following welding
beads. Per alloy, 10 measurements at random locations were
performed to gain statistically relevant results regarding the
average precipitate population in the alloy.

In order to clarify, whether some of the precipitates formed
during the initial cooling of the bead or all of them formed
during reheating, additional samples of the last deposited bead
(top middle bead in Fig. 1) were taken from alloy 0.5V,
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Table 1 Chemical composition of the alloys in group 1 and the reference alloy
Group 1—Ti-Nb-Al-V
C (m.%) Si (m.%) Mn (m.%) Ti (m.%) Nb (m.%) Al (m.%) V (m.%) N (m.%)
Reference 0.11 0.82 2.63 0.01 - - - 0.008
Ti-Nb-Al 0.10 091 2.67 0.04 0.08 0.02 - 0.02
Ti-Nb-Al-0.2V 0.10 0.92 2.65 0.05 0.08 0.03 0.22 0.02
Ti-Nb-Al-0.5V 0.10 0.89 2.63 0.04 0.08 0.02 0.50 0.02
Table 2 Chemical composition
of the alloys in group 2 Group 2—influence of single elements
Cm%) Si(m%) Mn@m%) Tim% Nbm%) Al(m%) V m%) N (m.%)
Al 0.08 0.76 2.40 0.01 - 0.02 - 0.005
03V 0.09 0.55 1.24 0.01 - - 0.31 0.004
0.5V 0.08 0.57 1.27 0.01 - - 0.52 0.005

followed by the same measuring and evaluation protocol as
for all other samples.

After the measurement, the reconstructed tips were scanned
for clusters or precipitates using isosurfaces and nearest neigh-
bor distributions [33, 34]. Both of these methods are used for
visualizing local enrichments of atoms with the same chemical
identity. Enriched areas were exported in separate files before
analyzing the chemical composition of these exported clusters
or precipitates.

3 Results
3.1 Alloy group 1

The tensile tests showed that the combined addition of Ti, Nb,
and Al resulted in a significant strength increase compared to
the reference sample (Table 3), which was already shown in
[8]. By adding V in a comparatively high amount (0.2 m.%),
the strength could be improved further. Increasing the amount
of V to 0.5 m.% again brought additional strength.

The microstructural investigations with the atom probe re-
vealed precipitates in the order of 1 to 10 nm. An exemplary

Table 3  Tensile properties of the samples from group 1

Mechanical properties: group 1—Ti-Nb-Al-V

R, (MPa) Ry (MPa)
Reference 1128 1006
Ti-Nb-Al 1204 1082
Ti-Nb-Al-0.2V 1258 1139
Ti-Nb-Al-0.5V 1272 1164

image of a reconstruction of a tip from the alloy Ti-Nb-Al-
0.5V is shown in Fig. 2. The pink dots represent Fe atoms in
the ferritic matrix. In blue, isoconcentration surfaces are
depicted, visualizing local enrichments of Ti, V, C, and N with
an added content of >20 at.%. Therefore, in this case, precip-
itates containing Ti, V, C, and N were found. Size and chem-
istry varied within each alloy and within each measured tip
and also depended on the alloy system itself. These variations
are addressed in Section 4.

The evolution of the average precipitate chemistry and size
depending on the alloy composition is shown in Table 4. In the
sample Ti-Nb-Al, the precipitates contain mainly Ti and C.

Fig. 2 Exemplary image of a reconstruction of an atom probe
measurement of a microalloyed sample. Pink dots represent iron atoms.
The blue isoconcentration surfaces show enrichments in Ti, V, C, and N
and represent the precipitates
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There is still much Fe dissolved in the precipitates, whereas
only little Nb and N were found in the precipitates. Al is
completely missing in Table 4 because it was always homo-
geneously distributed in the atom probe sample (exemplarily
shown in Fig. 3). The precipitates had a size from 1 to 5 nm.
An addition of V changed the average precipitate chemistry
fundamentally. The precipitates contained approximately
equal amounts of Ti, V, N, and C. Only little Fe was measured,
most of which was close to the shell of the precipitates. An
increase from 0.2V to 0.5V resulted in no changes in precip-
itate chemistry but enhanced the average size of the precipi-
tates from 5 nm to approx. 10 nm.

The remaining V content in the steel matrix was investigat-
ed by exporting and analyzing a cylindrical region of interest
which did not contain any precipitates (Fig. 4). Although a
significant amount of V was incorporated in the precipitates,
80 t0 90% of all V atoms were still dissolved in the steel matrix
in both alloys.

3.2 Alloy group 2

In Table 5, the tensile properties of the samples from group 2
are compared to the reference sample. The Al sample did not
show any improvement in strength. Contrarily, an addition of
V led to a strength increase, similarly to the V samples in
group 1. Especially, the yield strength was drastically im-
proved. In all cases, the formed precipitates were investigated
with the atom probe.

The atom probe measurements of the Al-alloyed sample
revealed that Al is again homogeneously distributed and does
not show any signs of clustering (Fig. 3).

In the 0.3V sample, early clustering signs were identified.
From the nearest neighbor distributions, it can be seen that V
starts to cluster first, before attracting C and N to form
nanometer-sized precipitates. The average chemical composi-
tion of these V(C,N) clusters is shown in Table 6.

The increase from 0.3V to 0.5V led to significant changes
in amount, size, and chemistry of the clusters (Table 6). Many

Table 4 Evolution of the average chemical composition in at.% and
size of the precipitates in the alloys of group 1. The rest to 100 at.% in
each average chemical composition accounts for matrix elements, which
were neglected for the interpretation of the results

Element Ti-Nb-Al Ti-Nb-Al-0.2V Ti-Nb-Al-0.5V
Ti 22410 15+4 17+4

Nb 6+2 8+4 7+1

A% - 18+2 19+6

N 7+4 15+4 20+4

C 15+13 19+4 17+4

Fe 40+8 14+3 12+4
Precipitate size 1-5 nm 5nm 10 nm
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100 nm

Fig. 3 Example of Al atoms in an Al-alloyed sample. The Al atoms are
homogeneously distributed and showed no sign of clustering

more clusters occurred in the 0.5V sample, which were also
bigger in size. The amount of N dissolved in the clusters
dropped drastically due to the limited amount of N available
in the alloy, resulting in V-C precipitates. In both cases, a high
amount of Fe was measured in the clusters and precipitates,
coming again mainly from the shell regions of the clusters and
precipitates.

Also, in this group, the V content in the steel matrix was
evaluated. In the 0.3V sample, 80 to 90% of all V atoms
remained in the matrix. This value drops to approx. 65% for
the 0.5V sample.

4 Discussion

The main objective of this paper was to clarify, if
microalloying induces precipitation and therefore strengthen-
ing in all-weld metal samples. Furthermore, it was evaluated
which microalloying elements were most effective in strength-
ening. Microalloy carbides and nitrides are known to be very
stable and generally have a positive effect on the mechanical
properties in a variety of steels [10]. Nevertheless, the amount
of precipitates found in the samples and their effect on the
mechanical properties in the case of the all-weld metal was
unknown so far.

Before the effectiveness of the different microalloying
elements is discussed, some methodological issues should
be elaborated. The all-weld metal is a multi-layer struc-
ture, in which every layer has its own reheated zone. The
temperature profile measured with thermocouples in [35]

100 nm

Fig. 4 Reconstruction of an atom probe measurement of a V-alloyed
sample. The existence of small V-rich precipitates is evident. The
cylindrical region of interest was exported to analyze the remaining V
content in the steel matrix
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Table 5 Tensile properties of the samples from group 2

Mechanical properties: group 2—single el.

R, (MPa) Rp02 (MPa)
Reference 1128 1006
Al 1109 998
03V 1155 1100
0.5V 1181 1128

Table 6 Evolution of the average chemical composition in at.% and
size of the clusters in the alloys of group 2. The rest to 100 at.% in each
average chemical composition accounts for matrix elements, which were
neglected for the interpretation of the results

Element 03V 0.5V

Vv 34+3 30+£2
N 14£2 2+04
C 11+£3 26+2
Fe 31+6 25+4

Precipitate size 1-3 nm 5 nm

suggests three reheating peaks with temperatures ranging
from 300 to 600 °C for a weld bead coming from the
subsequently deposited beads. The time of reheating is
only a few seconds for each peak.

Firstly, the moment of formation of the precipitates had
to be determined. Thermodynamic and kinetic simulations
predicted that the majority of precipitates will not form
during the initial cooling of the weld bead, but will form
during reheating above 500 °C in the ferrite temperature
range [35]. In order to validate this prediction, samples
were taken from the top bead of the 0.5V alloy, which
did not undergo any reheating by subsequently deposited
beads. The soaking treatment should not affect the precip-
itation state because of its low temperature. Several atom
probe measurements of these top bead samples confirmed

Fig. 5 Microprobe mapping of
Mn and V in the all-weld metal
showing interdendritic
segregation. The red dots in the
Mn mapping are Mn-rich
inclusions, which do not affect the
precipitate formation

the prediction from the simulations: No signs of clustering
or precipitation of V were found, allowing the conclusion
that if precipitates form, they will form during reheating.

Secondly, the irregularity of the thermal history inside the
all-weld metal has to be considered. The temperature profile in
[35] can only serve as an example regarding both the number
of peaks and the peak temperatures. Due to the occurring
temperature fluctuations and gradients during welding of ev-
ery bead, any arbitrarily chosen location in the weld metal will
have a unique thermal history with a different number of
reheating peaks and different peak temperatures ranging from
200 °C up to the melting point. Atom probe tomography is a
locally very restricted method. The measured sample volume
is very small (usually less than 1/1000 um?®). Because it is
impossible to predict the exact thermal history of a specific
point in the all-weld metal, it was decided to capture the over-
all precipitation behavior of an alloy by taking 10 samples
from random locations and averaging the gained results. As
expected, the precipitate population was different for every
sample of the same alloy. This also explains the occasionally
high standard deviation in the average chemical composition
of the precipitates.

However, the thermal history is not the only influence caus-
ing irregularities in the precipitation population. During solid-
ification of the weld, interdendritic segregation of several
alloying elements (especially Mn, Cr, Mo, but also V) occurs,
leading to locally changing chemical compositions.
Microprobe maps in Fig. 5 show elemental distributions of
Mn, which segregates the most, and V. These segregations
change the premises for precipitation of microalloy carbides
or nitrides.

Despite these difficulties, a general trend of the pre-
cipitation behavior of differently microalloyed samples
could be observed by averaging several measurements
of every alloy. A combined addition of Ti, Nb, and Al
resulted in the formation of Ti-rich carbonitrides
(Table 4). Although Nb and Al can both induce precipi-
tation in some steels [10], they played minor roles in this
case (see also [35]).

3.0% AVj 1.0 %

1.7% ¢

0.5 %

0.0 %
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The tendency of precipitate formation was strongly en-
hanced by additionally alloying V to this Ti-Nb-Al sam-
ple, causing bigger precipitates to form (Table 4). Much V
was incorporated in the precipitates. This fact initiated the
production of alloys containing only V as a microalloying
element.

Very small clusters were observed in the 0.3V alloy, with V
clustering first before attracting C and N to form very small
precipitates. As the N content was very low in the samples
alloyed only with V; it is no surprise that the precipitates in the
0.5V alloy, which were bigger in size, contained mainly C
rather than N (Table 6).

At this point, it has to be mentioned, that with an addition
of up to 0.5 m.% V, the term “microalloying” may not be
feasible anymore. Nevertheless, this large amount of typical
microalloying elements is necessary to increase the potential
for clustering and precipitate formation, because the reheating
peaks are very short. To some extent, it is surprising that
precipitates up to 10 nm are formed during this short time
after all.

The mechanical properties changed drastically with the ad-
dition of microalloying elements. Due to the precipitate for-
mation, a strength increase of 100 MPa and more was
achieved. However, an increase in V content from 0.2 or 0.3
to 0.5 m.% brought only little additional strength in both alloy
groups, although the found precipitates were larger in both
cases. Therefore, the first formation of many small clusters
due to a moderate addition of V has much more effect on
the strength than their growth.

Of course, with this strength increase, the remaining tough-
ness of the alloy becomes an issue. Also, microalloying re-
duced the toughness of the investigated all-weld metals.
However, with some adjustments in the alloy system, the
toughness decrease can be kept to a minimum.

Overall, the concept of using the multi-layer design of the
all-weld metal for precipitation of microalloy carbides and
nitrides was successfully applied. The short reheating peaks
were sufficient for precipitates to form, strengthening the all-
weld metal significantly.

This proposed filler metal is intended for constructions in
the as-welded condition. A post-weld heat treatment is as-
sumed to be not applicable because of the high V content
which might lead to severe precipitate growth and therefore
deterioration of the toughness.

5 Conclusions

The effect of microalloying on ultra-high strength weld metal
produced by gas metal arc welding was investigated regarding
the existence of precipitates and their influence on the me-
chanical properties. The following conclusions can be drawn:
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*  Microalloying of all-weld metal with Ti, Nb, V, and Al
yielded a significant strength increase.

* With atom probe tomography, it was shown that the
strength increase resulted from nanometer-sized precipi-
tates. Severe fluctuations in number density, size, and
chemical composition of the precipitates were observed
within every alloy.

* Tiand V showed a strong tendency for clustering. Nb was
limitedly incorporated in the TiV precipitates. Al showed
no signs of clustering in the all-weld metal.

» The precipitates did not form during the initial cooling of
the weld, but during reheating by subsequently deposited
weld beads.

* Due to inherent fluctuations in local thermal history and
local chemical composition in the all-weld metal, an aver-
age precipitation state has to be evaluated from several
measurements.
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