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Abstract
This study has been conducted to confirm the formation of TiN phase in the electrogas (EG) weld metal and, if it formed, to 
identify the nucleation potency of TiN for acicular ferrite. To facilitate this, a high-nitrogen EG weld meal deposited using 
a very high heat input was chosen. Inclusion analyses were mostly carried out in a scanning electron microscope (SEM) and 
analytical transmission electron microscope (TEM) equipped with energy dispersive analyzer (EDS) and electron energy 
loss spectroscopy (EELS). It was confirmed that the inclusions were nearly fully covered by TiO layer alloyed with a small 
amount of nitrogen, this TiO layer being partly coated with TiN phases having two different types of morphology: layer-type 
or patch-type. The layer-type was identified to be nearly pure TiN, being formed with a thickness of 10 nm on the outer surface 
of thick TiO layer. The patch-type appeared to be formed on the TiN/TiO layer and was characterized by its fine lamellar 
mixture of TiN and (Al,Mn)-oxide. As all these phases formed on the inclusion surface, they were suspected to influence the 
nucleation potency of inclusions but the relative potency of these phases to TiO layer was not clearly understood.
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1  Introduction

Basically, the non-metallic inclusions present in the steel 
weld metals are the products of deoxidation and desulphuri-
zation reactions taking place within the weld pool. These 
inclusions are now well established to play an important role 
in the microstructural development of ferritic weld metals 
as they can act as the nucleation sites for the acicular ferrite 
(AF) to form a fine weld microstructure and in turn, improve 
weld metal toughness [1]. However, certain types of inclu-
sion appeared not to act as nucleation sites of AF resulting 
in a weld microstructure dominant with ferrite with second 
phase (FS). These findings have led to a lot of investigation 

to identify the inclusion characteristics responsible for the 
ferrite nucleation, a special attention being paid to titanium-
containing welds as the titanium addition showed a dramatic 
change of weld microstructure from FS-dominant to AF-
dominant [2–7]. Following the efforts made for the titanium-
containing welds, various inclusion phases such as TiO 
[8–10], MnTi2O4 [11–15], Ti2O3 [16, 17], and TiN [18, 19] 
could be identified as the ones contributing to AF nuclea-
tion. Among the phases mentioned, however, TiN appeared 
to have conflicting claims for the nucleation potency.

In the case of steel material, many researchers [20–24] 
have performed extensive studies on the role of TiN and 
reported that TiN particles or phases played an active role 
for nucleating intragranular ferrite (IGF), which is a termi-
nology of AF often used in the literature of steel metallurgy. 
However, a group of other researchers [25–28] reported that 
single TiN particles were not effective to enable IGF nuclea-
tion or that they were less potent than titanium oxides. From 
the literature reviewed above, it is apparent that the nuclea-
tion potency of TiN has not been agreed for the steel mate-
rial and for some reasons, can vary greatly depending on the 
condition of steels studied.

On the other hand, in the case of weld metals, not many 
references could be found. In 1970s, Ito et al. [29] firstly 

Recommended for publication by Commission IX - Behaviour of 
Metals Subjected to Welding

 *	 Hee Jin Kim 
	 kimheejin0827@gmail.com

1	 Korea Institute of Materials Science, 797, Changwon‑Daero, 
Seongsan‑Gu, Changwon‑Si, Gyeongsangnam‑Do 51508, 
Republic of Korea

2	 R&D Center, KISWEL, 704 Gongdan‑Ro, Seongsan‑Gu, 
Changwon‑Si, Gyeongnam 51544, Republic of Korea

/ Published online: 6 April 2023 

http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-023-01518-2&domain=pdf
http://orcid.org/0000-0002-2881-719X


Welding in the World (2023) 67:1753–1764 	

1 3

mentioned the possible role of TiN for AF formation. They 
performed the internal friction tests and found the absence 
of free nitrogen in a titanium-containing weld and thus 
suspected that all nitrogen contained have combined with 
titanium on the cooling stage to form TiN precipitates. How-
ever, they did not provide the direct evidence of TiN precipi-
tates being formed. Even then, many researchers failed to 
obtain the experimental evidence of TiN formation although 
they have studied the high-nitrogen weld metals [18, 30, 
31]. This failure was explained to be most likely due to TiN 
phase being small in size compared to the spatial resolution 
limit of the analytical microscopes employed [11]. Consid-
ering that the precipitates grow by the diffusional process, 
the prolonged cooling time associating with the increase in 
welding heat input would help TiN particles get bigger on 
the cooling stage of weld thermal cycles. In fact, present 
authors [32] could observe the TiN phase formed on the 
inclusions of electro-gas (EG) weld metal made with a heat 
input as high as 20 kJ/mm and its formation was explained 
in terms of the high heat input employed in EG welding 
process.

EG welding is a vertical-up and single-pass welding 
process that enables to achieve a full-thickness using one 
or two wires depending the plate thickness. In this pro-
cess, the groove openings are covered by two different 
materials: the back-opening by ceramic backing materials 
and the front-opening by water-cooled copper shoe. As 
the groove fills with the molten filler wires, the copper 
shoe moves upward along with the welding gun. As it is a 
full-thickness welding process, its heat input increases lin-
early with the plate thickness from ~ 20 kJ/mm for 25-mm 
thick plate to ~ 50 kJ/mm for 70-mm thick plate. These 
heat inputs are so high that no other processes like SMAW 
or GMAW can reach. Accordingly, the cooling rate from 
800 to 500 ℃ is several hundreds of seconds in the EG 
welds, approximately 10 times longer than that of SMAW 
or AW. Following this, it was reasonably believed that the 
precipitation reaction of TiN phase could be enhanced by 
increasing the heat input of EG welds and also by increas-
ing the nitrogen content [33].

Therefore, the purpose of the present investigation is to 
establish a better understanding of the morphological char-
acteristics of TiN phase formed in the ferritic weld metal by 
employing a high-nitrogen EG weld deposited with a much 
higher heat input than that of the previous weld [32].

2 � Experimental procedures

Of the EG welds investigated in the previous study [33], one 
designated “tandem EG(73t)” was selected for this study because 
its heat input of 47 kJ/mm was two times higher than that of 
“one-pole EG(25t)” previously studied [32]. The chemical com-
position quoted from the previous report is given in Table 1. As 
noticed in Table 1, the nitrogen content of the present weld is 
116 ppm, being much higher than that of EG(25t) weld, 17 ppm. 
In addition to the high heat input applied, such a high level of 
nitrogen content was suspected to facilitate the TiN formation 
during the process of inclusion formation in the welds.

As noticed in its designation, this weld was fabricated by 
the two-pole (tandem) EG process with 73-mm thick base 
plates. In this vertical-up EG welding process, two flux-
cored wires of 1.6 mm in diameter are generally employed 
and fed into a cavity formed by the groove faces of the 
plates to be welded. The total length of the welds was 1 m. 
For the present EG weld, the cooling rate from 800 to 
500 °C was estimated to be 400 s using the master curves 
given in Reference [35].

Transverse sections were taken from the welded plate 
and optically examined using standard metallographic tech-
nique including grinding, polishing, and etching with 2% 
Nital solution. Quantitative microstructural analysis was 
performed using the point counting method.

Typical inclusion characteristics were first examined by 
field-emission scanning electron microscopy (FE-SEM, 
model JEOL JSM-7100F) using a metallographic specimen 
taken from the weld center. The chemical heterogeneity of 
the inclusions was analyzed by energy-dispersive X-ray 
spectroscopy (EDS) equipped with SEM. For the details 
of the inclusion constituent phases, transmission electron 
microscope (TEM) study was performed using thin foil 
samples prepared by the focused ion beam (FIB) method. 
The foils were examined by analytical transmission electron 
microscope (ATEM, model JEOL JEM-2100F) at an operat-
ing voltage of 200 kV. Of particular interest was the nature 
of the inclusion/matrix interface where the TiN was highly 
expected to be present. In addition to the orientation rela-
tionships by selected area diffraction (SAD) examination, 
chemical features of phases were analyzed by EDS for the 
major alloying elements and electron energy loss spectros-
copy (EELS) for the light elements like oxygen and nitrogen 
in this study.

Table 1   Chemical composition 
of EG weld metals (wt%)

ID C Si Mn P S Ni Cr Mo Al Ti B O N

EG (73t) 0.05 0.19 1.66 0.009 0.009 1.49 0.03 0.14 0.008 0.032 0.0043 0.0383 0.0116
EG (25t) 0.09 0.16 1.33 0.010 0.005 1.17 0.02 0.10 0.011 0.035 0.0039 0.0394 0.0017
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3 � Result and discussion

3.1 � Macro and microstructure

The macro- and microstructures of the present weld are 
shown in Figs. 1a and b, respectively. As shown in the 
optical micrograph, the weld microstructure consists of 
two major constituents: grain boundary ferrite (GBF) and 
intragranular ferrite (IGF), IGF being a mixture of AF and 
polygonal ferrite (PF). Little formation of FS was also 
noted and this feature was mentioned to be general in the 
EG weld metals [34].

After the general observation given in Fig. 1b, the same 
specimen was used for the quantitative microstructural 
analysis. With the point counting method, this microstruc-
ture was able to be classified into 19% of GBF and 81% of 
IGF. Figure 2 shows a typical SEM microstructure taken at 
the region of IGF microstructure, depicting many AF plates 
emanating from the inclusions. It is worth mentioning that 
in the present weld, large inclusions over 3 μm in size were 
not difficult to find by virtue of its high heat input applied.

3.2 � Inclusion analysis by SEM/EDS

To figure out the overall picture of constituent phases formed 
in inclusions, SEM/EDS analyses were first performed on the 
cross-sections of large inclusions, the sizes of which were over 
3 μm. The SEM image in Fig. 3 represents a typical structure 
of inclusion in which several particles are engulfed by the 
matrix phase of inclusion. The EDS spot analysis performed 
for many inclusions showed that the matrix phase was an 
oxide rich in aluminum, manganese, and silicon, i.e., (Al,Mn)-
silicate, while the granular particles embedded in the matrix 
were either titanium oxide or aluminum oxide, as shown 
in Fig. 3. In addition, islands of manganese sulfide (MnS) 
were often found in the peripheral region of inclusions. Most 
importantly, as evident in the titanium and nitrogen images 

of Fig. 3, all the inclusions examined were almost entirely 
covered with the titanium-rich layer that was often noted to 
contain nitrogen to some extent.

Another example of a titanium-rich layer formed on the 
inclusion surface is shown in Fig. 4. Again, the inclusion 
is fully covered by titanium-rich layer, being a general fea-
ture of the present weld. One thing to note in the nitrogen 
image of Fig. 4 is that this layer contains much less nitrogen 
in comparison to that of the previous inclusion in Fig. 3. 
Instead, this inclusion has many titanium-rich particles that 
are high in nitrogen content. Of note are these particles 
being formed in two different morphologies at two differ-
ent locations: plate-shape particles embedded in the sili-
cate matrix and patch-type particles stuck on the inclusion 
surface. These two can be noted to be different in nitrogen 
content, patch-type being higher than the plate-type. Such 
difference in nitrogen content could be confirmed by EDS 
spot analyses performed at two locations of P and R, which 

Fig. 1   EG weld investigated in 
this study: a three-dimensional 
view of specimen with the 
macrostructure revealed on the 
transverse cross section and b 
optical microstructure taken at 
the central region of weld metal. 
All specimens were etched with 
2% Nital solution

Fig. 2   SEM micrograph showing the AF plates grown from the inclu-
sions
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Fig. 3   SEM/EDS elemental mapping images taken from the cross-section of inclusion. Note the titanium-rich layer formed on the inclusion sur-
face contains nitrogen

Fig. 4   SEM/EDS mapping images of titanium, silicon, nitrogen, and oxygen taken from the cross-section of inclusion. Titanium mapping image 
shows three different types of Ti–rich phase: plate, layer, and patch in shape
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Fig. 5   Results of EDS spot 
analysis at locations of a R and 
b P

Fig. 6   SEM/EDS mapping images taken from the entire volume of inclusion exposed by deep etching technique
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are representing patch-type and plate-type, respectively. As 
shown in Fig. 5, the nitrogen peak at point P is higher than 
the oxygen while that at point R is substantially lower than 
oxygen. It can be inferred from these EDS results that the 
plate particles formed in the matrix are a kind of titanium 
oxide alloyed with some nitrogen while the patch-type ones 
on the surface are predominant with TiN.

It was interesting to note that the plate shape of tita-
nium oxides is quite different from that found previ-
ously in the low-nitrogen EG weld in that they were 
all globular in shape, suggesting that the shape of tita-
nium oxide phase formed within the silicate matrix 
is determined by its nitrogen content which is largely 
controlled by the nitrogen content of the weld. Thus, it 
appears plausible to conclude that the titanium oxide 
changes its shape from globular to rectangular with 
increasing the nitrogen content of EG welds. The under-
lying mechanisms for this and the transition content of 
nitrogen were not clearly understood. Also noted for the 
patch-type phases were their size being much greater 
than that of EG(25t) weld previously examined. This 
enabled us to examine its nitrogen content even at a 
resolution level of EDS in SEM. As it appeared to be 
more like TiN, further examination has been performed 
on this phase.

Increasing the etching time allowed to expose the 
whole volume of inclusions on the etching surface, and 
Fig. 6 shows the SEM and EDS images taken from one of 

the inclusions partly covered by patch-type TiN particles. 
From this image, it can be noted that the patch-type TiN 
phase is not uniform in thickness and has a very rough 
surface, which is in contrast to the bulk surface partly 
exposed by the absence of TiN patches. EDS mapping 
results in Fig. 6 also demonstrate that this patch phase is 
not pure TiN but contains some aluminum and oxygen. 
This fact was reconfirmed in the ATEM analysis.

3.3 � Inclusion analysis by ATEM/EDS/EELS

As observed in SEM examination (Fig. 4), the titanium-
rich phases formed on the inclusion surface possess two 
different forms: layer-type or patch-type. To identify the 
chemical nature of each type, TEM study was performed 
using the specimens extracted by FIB system. The first 
inclusion examined was the one selected to characterize 
the layer-type titanium-rich phase which was shown in 
Fig. 3. Figure 7 shows its STEM and titanium mapping 
images, demonstrating the formation of continuous tita-
nium-rich layer covering the whole inclusion surface. As 
this study concerns if TiN forms on the surface, an EELS 
examination was performed after thinning the specimen by 
ion milling. The EELS examination has a special advan-
tage for this study as the absorption edges for oxygen, 
nitrogen, and titanium in EELS spectrum are better sepa-
rated than those in an EDS spectrum, resulting in more 
precise and reliable analysis for these elements. For this 
inclusion, EELS analysis was conducted on three differ-
ent areas marked as A, B, and C in Fig. 7a. Before EELS 
examination, these areas were observed at a high magni-
fication and it was noted that the interfaces between layer 
and steel matrix in the regions of A and B were clean and 
straight while that in region C appeared to be wavy and 
rather rough.

Figure 8 shows the results obtained from region A in 
Fig. 7a: a high-magnification STEM image and EELS 
mapping results taken from the dotted area in the STEM 
image. The STEM image clearly shows that the titanium-
rich layer forms and grows from the inner surface of 
inclusion. Such a growth pattern could result in a curved 
interface at the inclusion side and thus the layer thickness 
varies substantially. EELS mapping results also demon-
strate that the titanium layer is very high in oxygen but 
contains a small amount of nitrogen. SAD analysis per-
formed separately showed this phase has FCC structure 
with a lattice parameter of 0.42 nm. This can be attributed 
to TiO, TiN, TiC, or a combination of these phases, the 
lattice parameters of which are all in the range of accuracy 
permitted by SAD analysis. Combining this with EELS 
results, this layer could be determined to be TiO contain-
ing a small amount of nitrogen, which can be expressed 

Fig. 7   ATEM results showing the images of a STEM and b titanium 
mapping by EDS
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in the form of Ti(O,N). Recently, this type of TiO-rich 
layer has been reported to be found on the surface of 
inclusions of SAW weld metals and was also presented as 
Ti(O,N) [36]. In Fig. 8, it is also worth noting the nitro-
gen-enriched, small and spherical particle present at the 
tip of the layer since this particle can represent a possible 
formation of TiN phase that has been expected in the pre-
sent weld.

In contrast, as shown in the STEM image in Fig. 9, 
the titanium-rich layer observed in the region B was 
uniform in thickness of about 100 nm and most impor-
tantly, turned out to be composed of two sub-layers; 
the outer layer bordering the steel matrix is extremely 
thin, less than 10 nm. EELS mapping demonstrated that 
these two layers are far different in nitrogen content in 
that the outer layer is very high in nitrogen. The inner 
layer is predominantly titanium oxide containing a small 
amount of nitrogen, which is pretty much the same as 
that in Fig. 8. In fact, this layer was also determined to 
be TiO by the SAD analysis. SAD analysis also showed 
that the thin outer layer has the same crystal structure 

as the inner layer, so this layer was suspected to be TiN 
from its high nitrogen content. To understand the relative 
content of oxygen and nitrogen in each layer, EELS line 
scanning was performed across the layer and its results 
are presented in Fig. 10. For the thick inner layer, the 
relative atomic concentration of titanium, oxygen, and 
nitrogen is approximately 5:4:1, suggesting this layer is 
a solid solution of TiO and TiN with a volume fraction 
of 4:1. In contrast, the outer layer is nearly absent from 
oxygen and thus can be identified to be pure TiN. The 
high-resolution lattice image taken from the interface 
between these two layers is shown in Fig. 11, demonstrat-
ing the epitaxial alignment of TiN with respect to TiO. 
The (111) lattice planes of TiO run into the (111) planes 
of TiN, demonstrating that the crystallographic orienta-
tions of TiO and TiN are identical. Therefore, it can be 
concluded that pure TiN phase indeed forms in this weld. 
Considering that TiN layer is present on the outer surface 
of TiO layer, it was inferred that TiO layer provides TiN 
with a substrate energetically favorable for its formation 
as TiO has nearly zero misfit with TiN.

Fig. 8   STEM image of region 
A in Fig. 7a and the EELS map-
ping images of titanium (Ti), 
oxygen (O), and nitrogen (N) 
taken from the dotted box area 
in STEM image
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Lastly, the results of STEM and EELS analysis per-
formed for the region C are presented in Fig. 12. These 
images clearly show that the titanium-rich phase formed 
here is different in that it is a kind of patch-type. This 
phase was confirmed to be formed on the outer surface 
of TiN/TiO layer and high in nitrogen content but sur-
prisingly, was very complex in nature. At a glance, it 

appears to be a mixture of TiN and some oxides contain-
ing manganese. In this context, it seemed to be of value 
to investigate this type of phase in more detail employ-
ing an inclusion having patches bigger in size, as like 
the one shown in Fig. 4. One of the inclusions selected 
from SEM observation for this purpose and examined in 
ATEM is presented in Fig. 13. From the STEM image, it 

Fig. 9   STEM image of region 
B in Fig. 7a and the EELS map-
ping images of titanium (Ti), 
oxygen (O), and nitrogen (N) 
taken from the dotted box area 
given in STEM image

Fig. 10   Result of ELLS line 
scanning across the titanium-
rich layer showing the relative 
content of oxygen and nitrogen 
in each sub-layer
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can be seen that a half of this inclusion is fully covered 
with thick patches enriched with titanium and nitrogen. 
Its thickness was in a range of 100 ~ 200 nm. The STEM 
image also shows by different contrast that three ferrite 
grains (AF1, AF2, and AF3) were nucleated and grown 
from this inclusion and two of them were from the patch 
surfaces. In addition, these phases appeared to be a kind 
of lamellar mixture of two phases different in titanium 
content. Thus, to get a better understanding on the mor-
phological feature and chemical inhomogeneity, further 
investigation was performed at high magnification for 
region “A” noted in the STEM image of Fig. 13.

The STEM image shown in Fig. 14 clearly demon-
strates the formation of lamellar structure in the upper 
part of the patch: bright phase being rich in titanium and 
nitrogen, and the dark phase rich in aluminum, man-
ganese, and oxygen. From these results, the bright and 
dark phase could be identified to be TiN and (Al,Mn)-
oxide, respectively. Although the formation mechanism 
of lamellar mixture was not fully understood, it was for 
sure that this mixture formed at the last stage of inclusion 
formation as the patch phases were locating always on the 
outer surface of inclusion. The outer surface of inclusion Fig. 11   High-resolution lattice image showing the (111) planes of 

TiO and TiN layers

Fig. 12   STEM image of region C in Fig. 7a and the EELS mapping images of titanium (Ti), manganese (Mn), iron (Fe), nitrogen (N), and oxy-
gen (O)
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is composed of two sub-layers different in nitrogen and 
oxygen contents: one outside being TiN-dominant but that 
inside TiO-dominant.

SAD patterns taken from region A are shown in Fig. 15, 
demonstrating that the titanium-rich phases in the patch are 
indeed TiN having the same orientation with TiN/TiO layers 
and showing Baker-Nutting (B-N) orientation relation with 
ferrite matrix but with a slight misalignment between (200) 
planes. This result indicates the TiN phase in this patch is 
effective for the ferrite formation. Effectiveness of patch-
type TiN was also supported by the SEM observations of 
ferrite grains grown from the patches, as shown in Fig. 16. 
Nonetheless, the relative potency of TiN with respect to TiO 
could not be assessed.

4 � Conclusion

An investigation has been carried out of the chemical and 
crystal nature of titanium-rich layer formed on the surface 
of inclusions in a high-nitrogen tandem EG weld metal to 
establish a better understanding of the morphological char-
acteristics of TiN phase. The following conclusions have 
been drawn:

(1)	 Inclusions examined in the present EG weld were fully 
covered with the titanium-rich layer, and this layer was 
partly coated with another type of titanium-rich phase 
called patch-type.

Fig. 13   ATEM results of the inclusion with thick patches at a low 
magnification: STEM image and the EDS mapping images of tita-
nium (Ti) and nitrogen (N). In the STEM image, AF1, AF2, and AF3 
are three ferrite grains nucleated from the inclusion

Fig. 14   ATEM results obtained from the region A in Fig. 13: STEM image and the EDS mapping images of titanium (Ti), nitrogen (N), alu-
minum (Al), manganese (Mn), and oxygen (O)
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(2)	 Titanium-rich layer was either a single layer of TiO con-
taining some nitrogen or a double layer of TiO and TiN, 
TiN layer being formed on the outer surface of TiO. The 
crystal orientations of these two layers were the same.

(3)	 Patch-type has a mixture of TiN an (Al,Mn)-oxide, being 
formed in a lamellar structure and grown from the outer 
surface of TiN layer. Thus the orientation of TiN phase 
in the patch was the same as that of TiN/TiO layer.

(4)	 Patch-type phases were confirmed to act as the nucleation 
sites of ferrite grains but their relative potency of ferrite 
nucleation to TiO layer could not been determined.
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