
Inclusions 

in 
C K O K Mg K Al K Si K S K Ca K Ti K V K Mn K Fe K 

WB-0 2.9 14.0 0.1 7.3 5.7 0.4 0.2 1.4 0.1 8.7 59.2 

WB-1 1.8 25.3 0.1 2.1 12.4 0.6 0.2 2.5 0.1 25.1 29.9 

WB-2 2.2 10.0 0.1 2.2 7.8 0.3 0.4 2.8 0.1 9.4 49.9 

Weld 

metal 
3.5 1.9 0.0 0.2 0.7 0.1 0.1 0.1 0.1 1.5 92.0 

Induced growth of acicular ferrite needles by the addition of TiO2-NPs during SAW process 

and their contribution on the improvement of toughness and ductility of weld beads. 

Acicular ferrite (AF) improves the strength and toughness of 

submerged arc welds due it has a microstructure with aleatory 

crystallographic orientation, which contributes to retard the 

propagation of cleavage cracks in the HAZ and the WM [1]. The 

nucleation of this phase depends on specific characteristics of the 

inclusions, such as: chemical composition, oxygen content, type, size 

and adequate crystallographic coherence with the surrounding WM 

[2].  

Addition of certain oxides-NPs favors the inclusions formation, which 

act as potential heterogeneous nucleation sites for the AF growth  [3-

4]. However, the use of NPs increases the production costs and open 

the problematic how to integrate them optimally into the weld bead. 

Several methods have been investigated to overcome such 

problematic [5-6].  

In previous studies, we demonstrated that spreading oxide-NPs 

directly on the V-groove surface before the weld bead formation by 

SAW process, reduce the costs substantially, and, also enhance the 

inclusions formation and the AF nucleation [7-8]. It should be noted 

that with this technique it is possible to add any type of oxide 

regardless of the welding position. 

 

 

Relate the mechanical properties of weld beads with size and 

superficial density of the AF needles changing by impregnating two 

different sizes of TiO2-NPs (21 and 127 nm) at the bevel surface 

before the SAW process. Also, it was necessary taking into account 

the chemical compositions of inclusions, especially those growing at 

the AF regions, in order to relate with its own nucleation. 

Lower C content in welds can be explained because it reacts easily with 
oxygen forming CO and CO2, which are expelled to the atmosphere.  
High Mn and Si contents in welds are due to the high content of MnO 
and SiO2 in the flux.  

4.1. Chemical composition of slags and welds. 

The chemical analysis of the weld beads with TiO2-NPs addition indicated an increase in Ti weight 

percentage content, which means that the TiO2-NPs were deposited effectively in the weld bead. 

The addition of TiO2-NPs in weld bead has a direct influence on the tensile and yield strength, and the 

ductility. Besides, the most notable effect was related to the increase in toughness, in comparison to the 

weld bead without TiO2-NPs. 

The mechanical properties of the weld beads with TiO2-NPs were principally correlated to the increase in 

Ti content in inclusions, which improves the size and surface density of the acicular ferrite needles respect 

to weld bead without TiO2-NPs. 
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4.2. Microstructure and chemical compositions of 
inclusions at weld metal. 

4.3. Mechanical properties of weld beads. 

2. OBJECTIVE. 

Table 5. Chemical compositions (wt.%) of inclusions and weld metal by SEM-EDS. 

Table 4. Morphological features of AF needles at weld metal. 

Table 3. Chemical composition (wt.%) of welds by UV/Vis Spectroscopy. 

Figure 2. Images by OM (left) and SEM (right) at the WM showing abundant AF 

phase colonies and some inclusions, tagged with II, internal, and with EI, 

external, depending on their locations with respect to the AF-regions of (a) WB-0, 

(b) WB-1 and (c) WB-2 weld beads 

Higher Mn and Ti as well as low Al contents in weld beads with NPs, 
increases the possibility to form active inclusions, that favors the growth of 
the AF and the increase of its surface density.  

• The decrease in the equivalent carbon (CEIIW) in WB-1 and WB-2 produce 
lower Tensile (TS) and Yield Strengths (YS) values in comparison with the WB-
0.  
• On the other hand, it can be observed an increase of the reduction area 
(ΔA%), the elongation (Δl%) percentages of weld beads with NPs. This can be 
correlated with the width and length of AF needles.  
• Also, the diminution of the average VH values on the weld metals of WB-1 
and WB-2 can be attributed to the CEIIW values and the morphological 
characteristics of AF needles. 
• Charpy V-notch (CVN) impact energy values for the WB-1 and WB-2 were 
higher in comparison to WB-0. This is because the increase in Ti, Mn and Si 
will directly improve the CVN impact energy. Moreover, the toughness 
improvement can be correlated with the increase of the AF superficial density 
and also, with the length of AF needles. 

Figure 1. SAW configuration used to form weld beads (longitudinal and 

transversal view). 

Moreover, the morphological characteristics of AF needles suggest 
a higher ductility for the weld beads with TiO2-NPs added, in 
comparison to that of WB-0. 

Figure 3. Diameters distribution of internal inclusions present in the weld metal 

of a) WB-0, b) WB-1 and c) WB-2. 

It was determined that most of the inclusions in WB-0 and WB-2 had a 
smaller size (~2-3 µm) in comparison to WB-1 (3-4 µm), which means 
that the numerical density of inclusions is lower in the WB-1 weld bead. 

Weld 

bead 
TS [MPa] YS [MPa] ΔA% [%] Δl% [%] VH 

CVN 

impact 

energy 

[J] 

CEIIW 

WB-0 600 456 48 26 202 80 0.52 

WB-1 505 344 73 33 177 105 0.42 

WB-2 604 491 50 40 179 167 0.48 

Table 6. Mechanical properties and equivalent carbon of weld beads with 
and without NPs. 

a) 

b) 

Figure 4. SEM fractographies showing the ductile (right) and brittle (left) zones at 

flat surface of tested impact specimens of (a) WB-0, (b) WB-1 and (c) WB-2. 

Impact 

specimen 
Load angle [°] 

Percentage of 

shear fracture 

[%] 

Dimple 

diameter [μm] 

CVN impact 

energy [J] 

WB-2 110 85 2.7 167 

WB-1 134 81 2.8 128 

WB-0 161 61 3.3 80 

Table 7. Parameters of fractographies of Charpy impact specimens. 

It was observed a relationship between the increase of the CVN impact energy  
with the decrease and increase of the load angle and the percentage of shear 
fracture, respectively. Also, the decrease of the dimple diameter and the 

cleavage sheets improves the CVN impact energy.  

The weld bead 
obtained without the 
addition of TiO2-NPs 
was designated as 
WB-0, while those 
obtained with added 
TiO2-NPs with sizes 
of 21 and 127 nm 
were named as WB-
1 and WB-2, 
respectively. 

Element line Flux Electrode BM 

C K - 0.10 0.25 

Na K 4.00 

- Mg K 3.52 

Al K 3.04 

Si K 31.70 0.27 0.04 

P K 
- 

0.03 0.04 

S K 0.03 0.05 

Ca K 20.15 
- 

Ti K 2.00 

Mn K 35.33 1.05 0.45 

Cu K - 0.35 - 

Zr K 0.26 - 

Weld C Mn Si P S Ti Cu 

WB-0 0.13 1.48 0.57 0 0.012 0 0 

WB-1 0.08 1.73 0.21 0.013 0.0053 0 0.068 

WB-2 0.12 1.70 0.20 0.021 0.009 0.07 0.28 

Weld bead Length (µm) Surface density (%) 

WB-0 10.45 25.6 

WB-1 26.79 41.3 

WB-2 17.64 44.9 

c) 

Table 1. Chemical composition of welding materials (wt.%). 

Slag in Na K Mg K Al K Si K Ca K Ti K Mn K Fe K Zr L 

WB-0 5.0 0.5 2.0 21.9 5.9 16.5 47.7 0 0.6 

WB-1 2.9 0.2 1.5 16.8 5.2 18.1 50.0 5.2 0.1 

WB-2 2.8 0.3 1.8 14.9 5.2 16.5 51.4 4.0 3.1 

Table 2. Chemical composition (wt.%) of slags by SEM-EDS. 

The influence on the final microstructure due to the addition of TiO2-NPs is 

expected to be lower in the WB-1 compared to the WB-2, since the latter 

register no a high increase in the weight percentage content of Ti with respect to 

the slag of the WB-0. 

a) 

b) 

c) 

AF phase grows typicaly with morphology like needles, 
mainly in the dentritic regions and whose lengths and 
surface density increases when NPs are added. 

Figure 5. Relationship between the CVN impact energy and the 

acicular ferrite surface density. 
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