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Abstract The effects of titanium content on the weld micro-
structure, mechanical properties, and inclusion characteristics
were investigated in the as-deposited bainitic GMA weld
metals having nearly constant level of oxygen content. It
was found that titanium addition enhanced the formation of
acicular ferrite with the maximum proportion being obtained
at ∼0.07 wt% Ti. The resultant change in weld microstructure
with titanium content was well reflected in the Charpy impact
toughness showing the lowest ductile-brittle transition tem-
perature at 0.07 wt% Ti. Detailed TEM and STEM analysis
preformed on weld metal inclusions demonstrated that the
maximum acicular ferrite recorded in this weld is mainly
attributable to the formation of manganese-depleted zone
(MDZ) associating with the formation of nonmetallic inclu-
sions dominant with Ti2O3 phase.
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Titanium . Inclusions

1 Introduction

It has been well established that weld metal mechanical prop-
erties are strongly dependent on weld microstructure, espe-
cially on the proportion of acicular ferrite microstructure. Due
to the fine nature of this microstructure, it can improve the
weld metal strength and toughness simultaneously [1]. Ac-
cordingly, numerous investigators have studied the various
factors such as: (i) chemical composition of welds, (ii) cooling
rate in the temperature range of 800–500 °C, (iii) size of prior-
austenite grains, and (iv) inclusion characteristics to investi-
gate their effect on the formation of acicular ferrite. Regarding
those factors, comprehensive reviews [1–4] were also made
frequently.

When the considering factors are limited to the chemical
composition, titanium would be the one that is unique for the
formation of weld metal microstructure. Following the pio-
neer work by Ito and Nakanishi [5] in 1976, systematic studies
on the effect of titanium content were accomplished by Evans
in the various ferritic welds [6–9] and also in the bainitic weld
[10]. According to his results, acicular ferrite content increases
dramatically with a small amount of titanium addition and
reaches its maximum of ∼70 % at ∼30 ppm titanium. Inter-
estingly, a slightly lower but still high level of ferrite content
over ∼60 % was reported to be obtained in a wide range
titanium concentration from 250 to 580 ppm without showing
any noticeable second peak.

As, in Evans’ studies, no sharp second peak was recorded
over such a wide range of titanium content, it would be worth
to figure out the variation of acicular ferrite content in the even
higher region of titanium concentration over 600 ppm. An-
other fact noted in the Evans’ results is that the oxygen content
of welds varies significantly with titanium content. As the
oxygen content has been known to play an important role in
determining the acicular ferrite content [5, 11, 12], the varia-
tions of acicular ferrite content reported by Evans might not be
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the true effect of titanium content alone but a combined effect
of titanium and oxygen. In order to overcome these limita-
tions, present authors [13] have investigated two gas metal arc
(GMA) bainitic welds that contained similar oxygen content
but had different titanium concentration of 0.002 and
0.072 wt%, and found a significant increase in acicular ferrite
content to over 90 % in the high titanium weld. This result
stimulates further work on weld microstructures that can be
developed in range between those two concentrations as well
as over 0.072 wt%. Thus, the goal of the present study is to
examine the pure titanium effect over a wider range of titani-
um content and, if possible, to suggest the optimum titanium
concentration that allows maximum acicular ferrite content in
the bainitic GMAweld.

2 Experimental procedures

2.1 Preparation of experimental welds

The welds investigated in this study were all prepared with
bead-in-groove GMA welding. As described in the previous
report [13] and shown in Fig. 1, a two-step welding was
performed with AWS ER100S grade wire and Ar+20 % CO2

shielding gas. Table 1 gives the chemical compositions of the
base plate and welding wire employed in this investigation.
Using these materials, buttering welds were deposited to fill the
10 mm deep groove. A total of five buttering plates were
prepared and each of them was used for the subsequent exper-
imental welds. Prior to experimental bead-in-groove welding,
5 mm deep V-groove was made at the center of the buttering
weld and then pure titanium fibers of 0.3 mm in diameter were
inserted in the slot that was made at the bottom of the groove.
The number of fibers inserted was zero to four so that a total of
five experimental welds could be made by subsequent single-
pass bead-in-groove welding, all different in titanium content.
All the microstructural and inclusions analyses were performed
at the center of the experimental welds as marked by circle in

Fig. 2a. Oxygen content was determined at the same location as
that of microstructural analysis by inert gas fusion method and
other elements were analyzed by an optical emission spectrom-
eter (OES).

2.2 Metallographic examination and inclusion analysis

Optical microscope (OM) examinations were carried out on
transverse sections of weld metals etched with 2 % Nital
solution. From the optical micrographs taken at ×500 magni-
fication, the proportion of acicular ferrite was measured by a
point-counting method. Inclusion size distribution and density
were determined using backscattered SEM images taken at a
magnification of ×10,000 from polished and unetched OM
specimens. To obtain reliable data, a minimum of 300 parti-
cles was counted in each weld. In addition, inclusions were
extracted by an electrolysis technique [14], and their overall
chemistry was examined by energy dispersive X-ray spec-
trometer (EDX) in SEM.

For the selected samples, inclusion phases were investigated
by analytical transmission electron microscope (ATEM) in
TEM and STEM mode. Thin foil specimens were prepared
by twin-jet polishing followed by several steps of ion milling.
Twin-jet polishing was performed in a solution of 5 %
perchloric acid+95 % methanol and at 228 K. In order to
visualize the distribution of each phase, the elemental mapping
was also carried out using EDX in STEM mode. Quantitative
EDX line scanning was also performed across the inclusion/
matrix interface to reassess our previous result [13] showing the
manganese depletion in adjacent matrix qualitatively.

2.3 Mechanical tests

Vickers hardness was measured using a 98-N (10 kg) load.
Five measurements were made on each specimen and the
average values were plotted as a function of titanium content.
In addition, subsize (10×5 mm) Charpy V-notch specimens
were machined with a notch located at the center of the

Fig. 1 Preparation of
experimental welds to have
different titanium content
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experimental weld metal Fig. 2b. Impact tests were performed
at various temperatures down to −120 °C to construct full
ductile-to-brittle transition curves.

3 Result and discussion

3.1 Weld metal chemical composition

The chemical compositions of all experimental welds labeled
as 0Ti, 1Ti, 2Ti, 3Ti, and 4Ti are given in Table 2. Numbers in
each ID are the number of fibers inserted in the groove before
depositing the experimental welds. As shown in Table 2, the
chemical compositions of all welds were remarkably consis-
tent with the exception of titanium. The weld made without
fiber addition (0Ti) recorded a titanium concentration of
0.002 wt% that is somewhat lower than that of welding wire
(0.005 wt%). With titanium fibers, the titanium concentration
of weld metals increases linearly with the number of fibers and
reaches to 0.091 wt% in the 4Ti weld. Such a wide variation in
titanium content, however, little affects the concentrations of
other oxidizing elements; silicon being varied from 0.20 to
0.23 wt%, manganese from 1.28 to 1.31 wt.%, and aluminum
from 0.005 to 0.006 wt%.

Of important note in Table 2 is the oxygen content of the five
welds, all falling within a narrow range of 330∼366 ppm. This
result is contrary to the trend that was reported in the shielded
metal arc welding (SMAW) welds in which the oxygen content
decreased from 449 to 292 ppm with increasing titanium con-
tent of weld metals from 0 to 580 ppm [9]. This discrepancy in

oxygen content with titanium may result from the difference in
welding processes and also in the method of adding titanium;
SMAWwelds being made by titanium powders to the electrode
coatings vs. gas metal arc welding (GMAW) welds by insertion
of titanium fibers within the groove. Whatever the reasons are,
the constant oxygen content of the present welds allowed us to
investigate the pure effect of titanium on weld microstructure at
the same level of oxygen content.

3.2 Weld microstructure

Optical micrographs taken from the center of the experimental
welds are shown in Fig. 3. Due to a bainitic composition of the
present welds, the formation of primary ferrite (PF(G)) along
austenite grain boundaries was inhibited in all of the present
welds. Instead, what appeared in the weld microstructures is a
mixture of acicular ferrite (AF) and bainite, their proportions
being varied appreciably with the titanium concentration. A
mixed microstructure of acicular ferrite and bainite forms in
the low titaniumwelds like 0Ti and 1Ti while a microstructure
fully packedwith acicular ferrite was developed in 2Ti and 3Ti
welds. A further increase in titanium content to that of 4Ti
weld (0.09 wt%) results in a mixed microstructure again.

The proportions of acicular ferrite measured from each
weld are plotted in Fig. 4 as a function of titanium content.
These results reveal that a minimal amount of titanium, of the
order of 0.002 wt%, can produce ∼50 % acicular ferrite but an
addition to ∼0.02 wt% leads to a slight decrease in acicular
ferrite content, indicating that titanium addition is not always
beneficial for acicular ferrite formation. Further addition of

Table 1 Chemical compositions
(wt%) of the base metal and
welding wire used

Material C Si Mn P S Cr Ni Mo Al Ti

Base metal 0.04 0.25 1.56 0.008 0.004 0.30 0.23 0.06 0.04 0.018

Welding wire 0.06 0.32 1.53 0.006 0.007 0.26 1.93 0.34 0.01 0.005

Fig. 2 Macro section of welded
specimen showing (a) the bead
contour of experimental weld
along with the location of
microstructural analysis and (b)
the notch location of Charpy
impact test specimen
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titanium shows a profound effect on acicular ferrite formation
showing a maximum of 92 % at ∼0.07 wt% (3Ti weld).
Referring to the previous results reported for Ti-free welds
being very low in acicular ferrite content but for 30∼40 ppm
titanium welds being encountered maximum ferrite content
[6, 7], the expected trend can be drawn further down to 0 wt%
as shown with a dotted line in Fig. 4. Such an extension
illustrates that the possible presence of the first peak near
30 ppm titanium might be missed in the present study.

3.3 Inclusion size and density

Figure 5 shows the effect of titanium content on the geometric
factors of inclusions, i.e., the inclusion size denoted as the
average diameter and the number density of inclusions. As can
be expected from the fact that all the present welds are similar
in oxygen content, both factors are nearly constant and little
affected by titanium content, inclusion sizes being in the range
of 0.40∼0.46 μm and their densities in (13∼15)×103/mm2.
From this result, it could be concluded that little correlation
exists between acicular ferrite content and geometric factors of
inclusions. This fact is important to be noted because it allows
us to take out the geometric factors in interpreting the variation
of acicular ferrite content shown in Fig. 4. Hence, the acicular
ferrite content of the present welds is thought to be related to a
change in chemical and crystallographic feature of inclusions
when the weld metal hardness is not largely different.

3.4 Mechanical properties

Figures 6 and 7 show the effect of titanium content on weld
metal hardness and toughness, respectively. It can be seen that
titanium content led to little change in hardness but greatly
affected the toughness. As shown in Fig. 6, all the hardness
data fall in a narrow range of 265∼270 Hv suggesting that the
resultant variation in toughness is mostly attributable to the
microstructural change shown in Figs. 3 and 4. Figure 7a
shows the ductile-brittle transition curves shifting significant-
ly depending on the titanium content. Both 2Ti and 3Ti record
the lowest ductile-brittle transition temperature (DBTT) of

∼80ºC along with high upper-shelf energy while 0Ti and 1Ti
welds exhibit the highest DBTT with very low upper-shelf
energy.

As the present welds are quite similar not only in hardness
but also in geometric factors, the toughness variation shown in
Fig. 7a could be explained as a result of microstructural
variation, especially in acicular ferrite content. In addition,
the impact toughness at −60ºC plotted in Fig. 7b as a function
of titanium content shows a trend that is very similar to that of
acicular ferrite content shown in Fig. 4. This fact further
suggests that there is a strong correlation between weld metal
toughness and the acicular ferrite content of the welds.

Previously, Johnson and others [10] studied the influence of
titanium additions on mechanical properties of bainitic SMA
welds and their results shows that first peak in impact toughness
appears at ∼40 ppm titanium and second plateau is in over
250 ppm. As the present 0Ti weld contains about 20 ppm
titanium, it would not be enough to get high impact toughness
like the first peak toughness encountered by Johnson et al. [10].

3.5 Inclusion chemistry

From each weld, several extracted particles over 1 μm in size
were selected for EDX spot analysis in SEM and the average
compositions are shown in Table 3. In this table, oxygen is
deliberately omitted owing to the severe convolution with
titanium L and manganese L peaks and thus the mean atomic
percent ratios of metallic elements are listed for each weld. In
the 0Ti weld (0.002 wt% Ti), manganese and silicon are the
main metallic elements in the inclusion, indicating manganese
silicate is a major phase of the inclusions in this weld. With
increasing titanium content of the welds, an overall increase in
titanium content within the inclusions is observed. In 3Ti and
4Ti welds, titanium becomes the predominant element of the
inclusion and no silicon is involved in the inclusion formation
implying that silicon is more sensitive to the addition of
titanium than manganese. In contrast, aluminum is shown to
be insensitive to titanium addition, which is possibly because
aluminum oxidizes prior to the titanium reaction.

3.6 Inclusion phases and MDZ analysis

In the present investigation, 0Ti and 3Ti welds are chosen for
ATEM analysis focusing on the constituent phases formed in
inclusions and on the presence of manganese-depleted zone
(MDZ) in the surrounding matrix. Although a large number of
inclusions were characterized for each weld, the following
summaries typical results obtained.

3.6.1 0Ti Weld (0.002 wt% Ti)

The elemental EDX mapping obtained from a typical
inclusion in 0Ti weld are given in Fig. 8. As reported

Table 2 Chemical compositions of the weld metals in wt% except
oxygen and nitrogen (ppm)

ID C Si Mn Al Ni S Ti O N

0 Ti 0.07 0.20 1.31 0.005 1.80 0.006 0.002 347 126

1 Ti 0.06 0.20 1.31 0.006 1.82 0.006 0.023 351 115

2 Ti 0.06 0.21 1.29 0.006 1.83 0.006 0.049 330 113

3 Ti 0.06 0.22 1.28 0.006 1.80 0.006 0.072 366 118

4 Ti 0.06 0.23 1.28 0.006 1.82 0.006 0.091 353 114

Others: 0.24Cr-0.34Mo-0.20Cu
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previously [13], the bulk phase is amorphous (Mn, Al)-
silicate having a uniform distribution of elements and this

phase is often partly covered with MnS and titanium-rich
oxide layers. Titanium-rich phase has been confirmed to
be a certain type of (Mn, Ti)-oxide as it turned out to be
rich in manganese as well. EDX line scanning was per-
formed across the titanium-rich layer as shown by arrow
in STEM image of Fig. 8, and the concentration profiles
of manganese and titanium in wt% are shown in Fig. 9.
From this result, it is clear that there is no noticeable drop
in manganese concentration in the matrix near inclusion
surface and thus no MDZ formation in this weld. There-
fore, even though it is not clear how the titanium-rich
phase can be formed on the surface of manganese silicate
glass, it is believed that (Mn, Ti)-oxide layer plays a
certain role on acicular ferrite nucleation and thus on the
formation of an appreciable fraction of acicular ferrite,
nearly 50 % (Fig. 4). However, it still remains to examine
how this surface phase promotes the nucleation of acicular
ferrite to some extent.

Fig. 3 Optical micrographs of
weld metals: a 0Ti, b 1Ti, c 2Ti d
3Ti and e 4Ti weld

Fig. 4 Proportion of acicular ferrite as a function of titanium content
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3.6.2 3Ti Weld (0.072 wt% Ti)

This weld is the one that recorded the maximum in acicular
ferrite content (Fig. 4), implying that the inclusions in this
weld are very high in nucleation potency for acicular ferrite
nucleation. EDX elemental maps for a typical inclusion are

shown in Fig. 10. These maps illustrate that the inclusion
comprises two distinct phases, i.e., Ti-rich phase as a major
constituent and Al-rich phase as a minor. It can be seen in the
manganese map that Ti-rich phase further divides into two
regions due to the difference in manganese content. In the
previous investigation [13], Al-rich phase was identified as γ-
Al2O3 and Ti-rich phases were all identified as Ti2O3 regard-
less of manganese content.

Nitride has been often expected to be formed on the inclu-
sion surface [15, 16] but careful light element EDX analyses
failed to detect nitrogen in any regions of the inclusions
studied and so it was concluded that all titanium is present
as oxides and nitride phase like TiN has not been formed

Fig. 5 Variations of a inclusion size and b density with titanium content

Fig. 6 Hardness variation with titanium content

Table 3 Result of EDX
spot analysis on extract-
ed inclusion particles
(at% ratio)

ID Ti Mn Al Si

0 Ti 2 46 12 40

1 Ti 26 42 13 19

2 Ti 62 17 17 3

3 Ti 74 14 11 0

4 Ti 78 7 15 0

Fig. 7 Results of Charpy impact tests showing the effect of titanium on
weld metal toughness: (a) ductile-brittle transition curves, (b) Charpy
impact energy at −60ºC
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associating with oxide inclusions in this weld even though it
contains high titanium and nitrogen contents (Table 2).

From the manganese image in Fig. 10, it is apparent that
this inclusion is surrounded by dark band, indicating that
manganese-depleted zone (MDZ) may exist around this in-
clusion. As the previous investigation also demonstrated the
development of MDZ in the surrounding matrix, attempts
were made in this study to measure the manganese concen-
tration across the interface region by EDX line scanning. /
Fig. 11 show the concentration profile of manganese along the
line drawn in bright field TEM image and that of nickel
measured as for the reference. In contrast to nickel, the man-
ganese concentration is lower in the regions close to the
inclusion than in the bulk. This result indeed shows the
presence of MDZs in both sides of inclusion, and the mini-
mum concentration of manganese in MDZ is about 0.5 wt%
compared to 1.3 wt% in the bulk matrix. Such an EDX

analysis was performed on three more inclusions and the
extent of Mn depletion (ΔMn) in MDZ was calculated with
following equation:

ΔMn ¼ average Mn content in matrix−minimum Mn content in MDZ

As shown in Table 4, the Mn depletion calculated is in the
range of 0.5∼0.8 at.%. Referring to the theoretical calculation

Mn S

Al Si Ti

250nm

STEM
Fig. 8 STEM-EDX elemental
mapping images of a typical
inclusion formed in 0Ti weld,
showing the titanium-rich layer
developed on the inclusion
surface

Mn

Ti

Matrix Inclusion

0 100 200 300 400 500

0

1

2

3

4

5

C
o
n
c
e
n
tr

a
ti

o
n
, 
w

t%

Distance, nm

Fig. 9 Result of EDX line scanning across the titanium-rich layer along
the arrow mark shown in STEM image of Fig. 8
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Fig. 10 STEM and EDX elemental mapping images of an inclusion
formed in 3Ti weld, showing a titanium oxide inclusion surrounded by
a dark band in manganese mapping image
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on austenite to ferrite transformation temperature being
dropped about 35 °C per wt% Mn [17], the local increase in
the transformation temperature of present MDZs can be esti-
mated to be about 18∼28 °C. Even though the consideration
of bainite nucleation from grain boundaries is beyond the
scope of the present study, MDZ formation can increase the
chemical driving force for γ→α transformation and thus
make Ti2O3 inclusions more effective for acicular ferrite for-
mation, resulting in the maximum proportion of acicular fer-
rite in 3Ti weld.

Over the years, several suggestions have been put for-
ward to explain why acicular ferrite nucleates on inclusions
[18]. Good lattice matching between inclusion and ferrite
appears to be a popular explanation for the nucleation from
titanium-containing inclusions and was supported by the
experimental evidences obtained for the TiO phase [19].
However, hexagonal Ti2O3 shall be expected to offer poor
lattice matching with bcc ferrite. Another mechanism pos-
sible for titanium-containing phase is the MDZ formation
and its formation have been well demonstrated in the
titanium-killed steels associating with Ti2O3 inclusions
[20, 21], but very little evidence has been established for
the weld metals. The present result, however, gives clear
evidences that MDZ can be developed in weld deposits
when the titanium content is high enough to form Ti2O3

inclusions. These findings, however, do not rule out the
possibility of other mechanisms because there are

increasing evidences that the degree of lattice misfit with
α-iron is important in the nucleation of acicular ferrite
especially when the TiO phase forms on the inclusion
surface [19].

4 Conclusions

Systematic studies were carried out to investigate the effect of
titanium content on weld microstructure, mechanical proper-
ties, and inclusion characteristics in the bainitic-type GMA
welds having similar oxygen content. Based on the results, the
following conclusions can be drawn;

(1) As-deposit microstructure of bainitic GMAWwelds con-
sists of bainite and acicular ferrite, their proportions
being varied with titanium content in weld metal. A trace
of titanium of the order of 20 ppm can produce a weld
microstructure with ∼50 % acicular ferrite while an ad-
dition of titanium to ∼0.02 wt% slightly decreases the
acicular ferrite content. A further increase in titanium
promotes the formation of acicular ferrite reaching its
maximum of over 90 % at ∼0.07 wt% Ti.

(2) The variation in impact toughness could be well ex-
plained following the microstructural change with titani-
um content, i.e., the higher the acicular ferrite is the better
the weld metal toughness.

Fig. 11 Concentration profiles of
manganese and nickel along the
red line drawn in bright field (BF)
image of inclusion shown in
Fig. 10

Table 4 The extent of Mn de-
pletion measured in EDX line
scanning

Inclusion # Ave. Mn in matrix (at%) Min. Mn in MDZ (at%) Mn depletion (at%)

#1 1.30 0.50 0.79

#2 1.33 0.57 0.77

#3 1.21 0.50 0.71

#4 1.28 0.80 0.48
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(3) Inclusion chemistry changes greatly with titanium con-
tent of weld metal. At titanium concentration of
∼0.07 wt%, inclusions dominant with Ti2O3 are formed
and these inclusions are surrounded with MDZ. There-
fore, the maximum ferrite content observed ∼0.07 wt%
Ti can be explained by the formation ofMDZ associating
with Ti2O3 inclusions.
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