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A B S T R A C T   

It is known that titanium (Ti) and boron (B) elements in the filler metal can effectively improve the toughness of 
high heat input welds of Nb-alloyed steels. This generally has been attributed to refinement of weld micro
structure and modifications of different iron constituents in the optical microscopic length scale. To improve 
understanding of fundamental mechanisms and directly reveal the distribution and interactions of Ti, B, Nb and 
other alloying elements, in this study, atomic scale characterizations and microchemistry analysis are performed 
with atom probe tomography (APT) and transmission electron microscopy (TEM). Three types of welding con
sumables are evaluated on submerged arc welds of X70 steel, among which the Ti-B-Mo rich electrode produces 
the best toughness properties. In the weld from Ti-B-Mo rich electrode, significant amount of C, B and Ti is 
segregated along the prior austenite grain boundary (PAGB) while B is depleted adjacent to PAGB. Nb also 
decorates the PAGB but with a lower segregation level. This is potentially due to the lower affinity of Nb to C and 
B compared with Ti. In the vicinity of PAGB, Nb exists in the form of solid solution in the ferrite matrix. TEM 
analysis similarly shows that overall Nb is uniformly distributed throughout the weld without large scale 
segregation.   

1. Introduction 

Benefits of titanium (Ti) and boron (B) elements in the filler metal 
have been well recognized in effectively improving the toughness for 
high heat input welds of steels containing more than 0.15 wt% niobium 
(Nb) [1,2]. One typical application is on submerged arc welding (SAW) 
of Nb-alloyed pipeline steels. Ti itself has a high affiliation with O, C and 
N and form compounds. Dispersions of TiN precipitates retard austenite 
grain coarsening [3,4]. Titanium oxides serve as heterogeneous nucle
ation sites for acicular ferrite, which accordingly refines the final weld 
metal microstructure and improves toughness. In addition, Ti can react 
with other elements, such as Mn and Zr, to form oxide particles. These 
non-metallic inclusions (200-400 nm) are potent for intragranular 
nucleation of acicular ferrite and increase its amount [5,6]. Several 
studies have been performed to understand the chemistry, density and 
size distribution of these Ti-containing inclusions [7,8], and the potency 
to nucleate acicular ferrite [9]. 

B is known to segregate along prior austenite grain boundaries 

(PAGB), which lowers the PAGB energy, delays boundary ferrite 
nucleation [10] and increases the cohesive strength of the boundaries 
without causing embrittlement [11]. In addition, B can effectively 
enhance the hardenability of steel by suppressing the austenite to ferrite 
transformation temperature [12]. Several theories have been proposed 
to explain the accumulation of B atoms along the grain boundary. One is 
that B forms vacancy-B complex and segregates to PAGB through a 
non-equilibrium mechanism [13,14]. Adding Ti is effective to protect B 
from reacting with nitrogen and oxygen, which preserves its beneficial 
effects. With optimized Ti and B contents, maximum potency to nucleate 
intragranular ferrite and therefore high levels of acicular ferrite can be 
achieved in the microstructure [15]. 

Nb has been a well-recognized microalloying element to improve the 
strength and toughness for low carbon steels. During the thermo- 
mechanically controlled steel manufacturing process, Nb can exist in 
the form of solid solution or precipitates [16], which effectively delays 
austenite recrystallization and retards coarsening through solution drag 
[17,18] or grain boundary pinning effect. A fine acicular ferrite 
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microstructure can be achieved upon further cooling, which produces 
optimized mechanical properties of both strength and toughness [19]. 
Takayama [20] found that Nb enhanced the formation of 
Martensite-Austenite (MA) constituents over a wide range of cooling 
rates. Nb has a strong tendency to segregate to PAGB [21,22], disloca
tions and other crystal defects. Strain induced Nb precipitation has been 
well known and systematically modeled [23]. For processes that involve 
rapid cooling, for example, the strip-cast process, where the cooling rate 
can reach 40-60 �C/s through the austenite to ferrite transformation 
temperature region [24,25], ultra-fine Nb rich clusters containing 4-20 
Nb atoms that resemble the Guinier-Preston zones in Al-Cu alloys are 
observed. These effectively improve both ductility and strength of steel 
[26]. 

With the co-existence of Ti and Nb, complex precipitates (Ti,Nb)(C, 
N) can form in steel, which is generally composed of a Ti-rich core and 
Nb-rich shell [27,28]. Tirumalasetty et al. [29] revealed the presence of 
(Nb,Ti)N with transmission electron microscopy (TEM), which followed 
a well-defined N-W orientation relationship with the ferrite matrix. (Nb, 
Ti)N was also found in martensite and bainite phases. The process of 
co-precipitating of NbC-rich precipitates on a core of TiN is explained as 
the following [30]: the titanium nitride particles are generated in the 
liquid or at a high temperature, which then serve as heterogeneous 
nucleation sites for Nb carbonitride or Ti carbide at lower temperature. 
Jia et al. [31] observed Nb containing Ti-rich carbides and described 
their formation involves nucleating of TiC followed by epitaxial pre
cipitation of NbC on TiC surface. The (Ti,Nb)(C,N) precipitates showed a 
cubic morphology in the steel matrix [32]. Zhou and Priestner [27] 
found that by increasing either the N or Ti content, Nb-rich precipitates 
became Ti-rich during quenching of steel ingots. Nb-rich carbonitrides 
can also co-precipitate with weld inclusions by forming an out shell 
enclosing the nucleating particles. 

Despite these benefits that Nb brings to steel and considerable 
amount of studies to understand the fundamental mechanisms of Nb 
during steel manufacturing processes, on the other hand, effects of Nb on 
weld metal toughness have been historically elusive and closely depend 
on the composition of the filler metal selected for the welding process. 
Historically in higher carbon steels, Nb was observed to promote for
mation of Widmanstatten ferrite, reduce grain boundary ferrite and 
refine acicular ferrite structures [33,34]. The first effect is detrimental to 
toughness while the latter two are beneficial. According to Dolby [33], if 
the original steel structure starts with acicular ferrites and certain 
amount of grain boundary ferrites, after weld dilution, Nb would pro
mote Widmanstatten ferrite formation, which reduces the weld metal 
toughness. Farrar and Harrison [35] summarized that if the weld metal 
has low hardenability, Nb enhances side plate ferrite formation, whereas 
for weld metal with high hardenability, Nb increases the amount of 
acicular ferrite. 

So far, the majority of the studies regarding Nb effects on weld metal 
microstructure and properties focused on the volume fraction and dis
tribution of different iron phases and microconstituents in the optical 
microscopic length scale. Distributions and interactions of different el
ements in the weld metal and their relationship to the iron phases have 
not been fully elucidated. Nano-scale characterizations of Nb are mainly 
performed in the field of steel manufacturing, where the thermo- 
mechanical condition is highly different from that during welding. In 
this study, effects of electrode composition on the toughness of the 
submerged arc welds of X70 steel are comprehensively studied. X70 is 
one of the commonly used pipeline steels that can contain Nb levels up 
to 0.086 wt%. Multiscale characterizations of the weld microstructure 
are performed, and their relationships with the measured toughness 
properties are established. Distribution and morphology of the main 
elements, specifically B, Ti and Nb and their interactions are directly 
examined with atom probe tomography (APT) and TEM. Since B is the 
fifth lightest element and its concentration can be low in the weld metal, 
the chemical sensitivity and near atomic spatial resolution of APT makes 
it an advantageous approach to resolve B distribution. 

2. Experimental details 

Two plates of X70 steel were butt configured and beveled with a V- 
groove geometry on top of the faying surface. Detailed dimensions are 
provided in Fig. 1(a). Tandem submerged arc welding with standard 
basic flux was performed with an average heat input rate of around 
111.6kJ/in. Three types of electrodes, including regular, Mn-Si rich and 
Ti-B-Mo rich ones were also selected and their effects on weld metal 
toughness compared. 

Impact toughness of the weld was evaluated with standard Charpy V- 
notch (CVN) impact tests. For the impact test samples, all the weld 
reinforcement on the top surface was machined off, and the top surface 
of the CVN is aligned with the top surface of the plate. The V notch is 
prepared via electrical discharge machining (EDM) in the center of the 
weld and oriented perpendicular to the weldline, as illustrated in Fig. 1 
(b). Impact tests were performed at -18 �C (0 �F), -29 �C (-20 �F) and -40 
�C (-40 �F) with 5 repetitions at each temperature. Hardness of the weld 
metal was measured with indentations of a 10 kg load and 10-s dwell 
time. 5 indentations are performed at random locations in the weld and 
the average value is reported for comparison. 

Bulk chemical compositions of the weld are measured by arc spark 
optical emission spectroscopy (OES). Chemistry of the welds obtained 
from the three electrodes are provided in Table 1 in weight percent (wt 
%). Main alloying elements that have different compositions among the 
three electrodes are highlighted. 

Metallurgical samples of the weld were sectioned perpendicular to 
the weld line, which are then ground, polished and etched with Nital 
solution. Overview of the weld metal microstructure was examined 
through optical microscope. Atom probe tomography (APT) samples 
were prepared with a FEI Helios Nanolab microscope with scanning 
electron microscopy (SEM) and focused ion beam (FIB) capabilities, 
which allows site-specific sample extraction at desired locations. Each 
individual sample was then sharpened with annular ion milling to a 
conical tip with an end diameter of 30-40 nm. APT data was collected on 
a Cameca LEAP 5000XR instrument operated in the laser-pulsing mode 
with a pulse energy of 50 pJ at a detection rate of 1.0%, and a specimen 
temperature of 50 K. Data analysis and 3D tomographic reconstruction 
were performed with the Cameca Integrated Visualization and Analysis 
Software (IVAS 3.8.2) package. In the spectrum, the possible evapora
tion of 14N1þ signal, which overlaps with 28Si2þ, is not accounted since 
the N concentration is much lower than Si. It is assumed that all N is 
evaporated as 93Nb14N3þ within the precipitates, which is also adopted 
by Breen et al. [36]. TEM and high-resolution Scanning Transmission 
Electron Microscopy (STEM) images are acquired by JEOL Grand ARM 
TEM/STEM operated at 300 kV in high-angle annular dark field 
(HAADF) and bright field (BF) imaging modes. The corresponding 
elemental mapping via energy dispersive X-ray spectroscopy (EDS) was 
collected by the large angle dual dry solid-state 100 mm2 detector. 

Fig. 1. (a) Schematic of the SAW weld sample preparation; (b) Dimensions and 
notch location of the CVN test specimen. 
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3. Results and discussion 

3.1. CVN impact toughness and hardness comparison 

Fig. 2 compares the CVN impact toughness of the weld metal ob
tained from the three types of electrodes. In all the tested temperatures, 
Ti-B-Mo rich electrodes produce the highest toughness, followed by Mn- 
Si rich ones and the lowest toughness corresponds to the regular elec
trode. The higher amounts of Ti and B additions in welds show great 
improvement of the fracture toughness, which are consistent with 

literature findings [2]. Comparing the composition of the regular elec
trode and Mn-Si rich one, the Mo addition alone reduced the SAW weld 
toughness, as also reported in Refs. [37,38]. Average hardness was 
measured on the Ti-B-Mo rich and Mn-Si rich welds, where the former is 
around HV 225.4 with standard deviation of 6.65 and the latter is 
around HV 222.6 with standard deviation of 4.22. The hardness values 
show insignificant differences even though a superior toughness is 
achieved with the Ti-B-Mo rich electrode. 

3.2. Optical microstructure comparison 

Representative optical micrographs of the welds obtained from Mn- 
Si and Ti-B-Mo electrodes are compared in Fig. 3. The weld micro
structure was mainly composed of acicular ferrite. Low temperature 
transformation microconstituents, such as upper bainite, lower bainite 
and Martensite-Austenite (MA) constituents are not noticed in these 
macrographs at lower magnification. In the Mn-Si rich weld in Fig. 3(a), 
appreciable portion of prior austenite grain boundary (PAGB) ferrite can 
be observed with an average width of 5-10 μm, as marked with the 
numbers. Presence of Widmanstatten ferrite (WF) along the prior 
austenite grain boundaries is also noticed, which has a plate-type 
morphology and grows into the grains in parallel arrays. Both PAGB 
and Widmanstatten ferrites provide favorable crack propagation paths 
during impact testing, promote intergranular fracture and result in 
underperformed toughness behavior [39,40]. In contrast, in the Ti-B-Mo 
rich weld, PAGB ferrite is hardly distinguishable and the PAGB shows as 
a line morphology in the 2D weld cross section view, as marked out in 
Fig. 3(b). In addition, the prior austenite grains are larger and the 
acicular ferrite is significantly refined with smaller grain size. The 
refined acicular ferrite can be a result of Ti and Mo elements, both of 
which facilitate acicular ferrite nucleation and formation. The naturally 
interlocked distribution of refined acicular ferrite and its grain bound
aries serve as effective obstacles of cleavage crack propagation and 

Table 1 
Bulk chemical compositions of the welds obtained from three different electrodes measured with OES (wt%).  

Element (wt%) C N O Al B Cr Cu Mn Mo Nb Ni Si Ti V 

Regular 0.064 0.005 0.051 0.023 <0.0002 0.15 0.191 1.45 0.18 0.049 0.1 0.25 0.006 0.003 
Mn-Si rich 0.062 0.008 0.034 0.023 <0.0002 0.17 0.202 1.74 <0.00 0.052 0.1 0.47 0.006 0.004 
Ti-B-Mo rich 0.054 0.008 0.036 0.02 0.003 0.16 0.186 1.59 0.17 0.05 0.1 0.3 0.023 0.004  

Fig. 2. Toughness comparison of the weld metal at different temperature ob
tained from the three types of electrodes. 

Fig. 3. Microstructure comparison (a) Mn-Si rich weld: 1: Prior austenite grain boundary ferrite 2: Widmanstatten Ferrite; (b) Ti-B-Mo rich weld, AF: acicular ferrite, 
PAGB: Prior austenite grain boundary. 
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deflect the propagation path [41,42], which accordingly enhance the 
weld metal toughness. 

3.3. APT analysis at the prior austenite grain boundary of the weld from 
Ti-B-Mo rich electrode 

To reveal the fundamental mechanisms of Ti, B, Mo on improving the 
weld metal toughness, refining the microstructure and removing PAGB 
ferrite, atomic resolution characterizations are performed on the welds 
from the Ti-B-Mo rich electrode. Fig. 4 shows the location where the APT 
specimens were extracted, which encloses the PAGB boundary and 
acicular ferrites in the vicinity. Continuous four APT samples are 
extracted in this region at interval distance of around 3 μm. However, 
since in 3D this grain boundary is not necessarily perpendicular to the 
weld cross section and the end diameter of the APT tip is around 40 nm, 
only 1 out of these 4 samples actually captures the PAGB. 

Reconstructed 3D distribution of main alloying elements in the APT 
sample containing grain boundary is provided in Fig. 5. B, C, Ti and N 
are significantly enriched along the grain boundary. Presence of B in
hibits nucleation of grain boundary ferrite, which agrees with the optical 
macrographs of the Ti-B-Mo rich welds. Segregations of Nb and Mo are 
to a smaller degree and a solute depleted zone adjacent to the grain 
boundary can be noticed. Away from the grain boundary, the amount of 
B is greatly reduced and all remaining elements are uniformly distrib
uted. Precipitates and clusters of Nb are not identified in this APT 
sample, indicating the presence of Nb in the adjacent acicular ferrite 
matrix is in the form of solid solution. Li et al. [22] observed Nb 
segregation at the PAGB boundary and explained diffusion of Nb relies 
on the vacancy flux. According to Faulkner [43], the binding energy 
between a vacancy and B and Nb are approximately 0.48 eV and 0.42 
eV. This suggests the available vacancies are preferentially occupied by 
other elements first, for example B, then Nb. Accordingly, in this studied 
weld metal, the level of Nb segregation is limited at PAGB and a higher 
portion of Nb stays in the ferrite matrix. 

Fig. 6 provides 1D quantitative concentration profiles of different 
alloying elements along the direction normal to the grain boundary 
plane, measured with a bin size of 0.5 nm. In these analyses, a certain 
amount of H atoms are always noticed as hydrogen is a common gas 
contained in the APT analysis chamber [44]. The 1D concentration 
profile again shows strong enrichments of B, C, N, Ti, Mn, and Mo at the 
grain boundary. Their distribution has a full width of 4-5 nm at half 
maximum, which are slightly broader than two atomic layers as the 
general grain boundary thickness. This observation is consistent with 
several APT results in multicomponent systems [24,45] and is poten
tially the result of local magnification effect that artificially enlarged the 
enriched zone [46]. Outside of the grain boundary, the concentrations of 
B, C and Ti quickly diminish to almost zero, indicating they are primarily 
accumulated within the grain boundary and strong affiliations exist 

Fig. 4. Location of the atom probe samples.  

Fig. 5. 3D reconstructed atom map of the APT sample containing 
grain boundary. 

Fig. 6. 1D concentration profile (at%) of different alloying elements along the normal direction of grain boundary plane (a) Elements with peak concentration higher 
than 0.5 at% (b) Elements with peak concentration lower than 0.5 at%. 
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among these elements. The extent of Nb segregation along the grain 
boundary is relatively small, which is similar to the findings of Felfer 
et al. [24]. The thermodynamically preferred reaction of C and N with 
Ti. In addition, reaction between Ti and N protects B at prior austenite 
grain boundaries. Si distribution is overall uniform throughout the 
entire APT tip. 

The concentration of solute species at grain boundaries can be 
underestimated by APT to a certain extent due to the local magnification 
effect. Alternatively, the Gibbsian interfacial excess value is a relatively 
unbiased thermodynamic parameter to quantify the amount of solute- 
atom segregation at the grain boundary [47]. The Gibbsian interfacial 
excess value is defined as the number of segregated atoms divided by the 
area of the analyzed boundary. It can be determined from the element 
cumulative diagrams according to the procedure specified in Refs. [48]. 
Fig. 7 provides the cumulative diagrams of Nb and Ti elements for this 
APT sample as well as the supplementary calculation lines for deter
mination of the interfacial excess values. Minimal slope can be observed 
on the curve near the grain boundary due to the solution depletion zone. 
Based on the cumulative diagrams, the calculated interfacial excess 
values for Nb, Mo, Ti and B are approximately 0.18 atom/nm2, 0.30 
atom/nm2, 0.45 atom/nm2, 0.24 atom/nm2 respectively. Pronounced 
excess of Ti at the grain boundary can be a result of its strong affinity 
with B and C. The Nb interfacial excess is smaller than the one measured 
in an Nb-alloyed high strength low alloy steel base material while is in 
the same range as in its weld heat affected zone [44]. Compared with Nb 
interfacial excess at PAGB boundary in a strip-cast steel, which is 
0.25atom/nm2 [24], the Nb excess value in this weld metal is slightly 
smaller. Since the cooling rate during SAW is lower than the strip casting 
process, the amount of solute that was able to diffuse to this boundary 
should be kinetically favored and leads to a higher interfacial excess 
value. The opposite observation in this study is potentially the result of 
interactions of other alloying elements, including Ti, B and Mo that re
duces the Nb segregation at the boundary. 

In the mass spectrums for the other two APT samples located adja
cent to the grain boundary, the B peak was hardly detected, indicating 
the ferrite matrix in this region is virtually free of B. Micro-chemistry of 
the three APT samples and macro-chemistry of the weld measured from 
OES are summarized in Table 2. By comparing the results, the Nb con
centration in the APT dataset containing PAGB and other two APT 
datasets collected in the immediate proximity of PAGB, are about the 

same as the OES measurements. This indicates the Nb segregation is 
relatively insignificant at the grain boundary. Similar results can also be 
observed on the distribution of Mn, Mo and Si. In comparison, the 
contents of Ti, N, B and C are substantially reduced adjacent to grain 
boundary, suggesting the majority of these elements are partitioned into 
the boundary and their quantities in the near bulk matrix are low. 

Fig. 8 shows the 3D atom map of one of the APT samples in the vi
cinity of the grain boundary. It can be observed that Nb is homoge
neously distributed throughout the entire detected volume. No Nb 
clusters or local segregation are detected, suggesting its existence in the 
ferrite matrix is in the form of solid solution. Other alloying elements, 
Mo and Ti, have similar distributions. B, C, N are also uniformly 
distributed regardless of their minimal contents in this APT sample. 

Even though Nb has been well characterized in the steel micro
structure in forms of various precipitates, its role in solid solution is still 
less understood. It is generally considered that the dissolved Nb in the 
austenite matrix suppresses the austenite-to-ferrite transformation 

Fig. 7. Cumulative diagrams of Nb, Ti, B, Mo along the normal direction of grain boundary.  

Table 2 
Compositions (at%) of atom probe samples at different locations and comparison with the OES results of the bulk weld.  

Element (at.%) C N O Al B Cr Cu Mn Mo Nb Ni Si Ti V 

OES results 0.3136 0.0249 0.1570 0.0517 0.0194 0.2145 0.2037 2.0126 0.1232 0.0374 0.1184 0.7432 0.0344 0.0055 
APT Tip with GB 0.1390 0.0109 0.0449 0.0009 0.0119 0.1805 0.1364 1.5899 0.0768 0.0388 0.0111 0.6293 0.0352 0.0021 
Adjacent APT Tip 1 0.0245 0.0043 0.0195 0.0007 0.0014 0.1757 0.1422 1.5854 0.0880 0.0379 0.0083 0.6207 0.0056 0.0025 
Adjacent APT Tip 2 0.0301 0.0048 0.0236 0.0011 0.0008 0.1780 0.1438 1.5913 0.0866 0.0354 0.0053 0.6060 0.0077 0.0024  

Fig. 8. 3D reconstructed atom map of the APT sample adjacent to the 
grain boundary. 
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temperature [17,18]. Accordingly, the solid solution Nb refines the 
acicular ferrites microstructure, as shown in the optical micrograph of 
the weld from the Ti-B-Mo rich electrode in Fig. 3(b). 

3.4. TEM analysis of the weld from Ti-B-Mo rich electrode 

APT analysis can only provide information within a limited volume 
due to the sample size (generally a tip diameter of 40 nm and length of 
100-200 nm), whereas the spatial resolution of SEM is incapable of 
identifying Nb at low concentration. Fig. 9 provides a representative 
TEM bright field image at a lower magnification. This TEM sample is 
extracted from the acicular ferrite region of the weld from the Ti-B-Mo 
rich electrode. The ferrite grains are separated by sharp-edged bound
aries with the average size of around 1-2 μm. Dense dislocation networks 
and substructures can be observed within the acicular ferrite grains, 
which is induced by the low temperature of acicular ferrite trans
formation [9]. 

EDS elemental mapping for this region is provided in Fig. 10. Signals 
of Nb and Ti can be detected throughout the TEM sample and a ho
mogenized distribution is observed at this length scale. Evidence of Nb 
segregation, either along the acicular ferrite grain boundaries or within 

the grains, is not observed. Complex (Ti, Nb)(C,N) precipitates are not 
detected. This agrees with the results of APT analysis that distribution of 
Nb and Ti in the acicular ferrite matrix are relatively uniform. 

To directly reveal the crystal structure and element distribution in 
the atomic length scale, high resolution STEM imaging within the 
acicular ferrite region is performed. A typical image is shown in Fig. 11, 
together with its FFT transformed diffraction pattern. The grain is ori
ented to [110] direction and the diffraction pattern matches with the 
BCC crystal structure. On the other hand, the lattice spacing is slightly 
different from the pure ferritic iron matrix, which is potentially due to 
the solid solution of different alloying elements. 

4. Conclusions 

Combinations of Ti and B elements in the electrode produces 
exceptional toughness for the weld metal of Nb-alloyed steel, with 
predominantly refined acicular ferrite and minimal amount of prior 
austenite grain boundary ferrite in the weld microstructure. In this type 
of weld, APT analysis shows that distribution of B is highly localized in 
the PAGB grain boundaries, where strong enrichment of C, N and Ti are 
also observed. Presence of B at the grain boundary effectively prevents 
the formation of PAGB ferrite, as shown in the optical micrograph. Nb 
decorates the PAGB at a lower segregation level compared with Ti, C and 
B. This is potentially due to the smaller affinity of Nb to C and N 
compared with Ti. In the vicinity of PAGB, Nb exists in the form of solid 
solution in the acicular ferrite matrix without large scale segregation or 
precipitate formation. Similar results are also observed in TEM analysis. 
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