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Abstract The present study describes the methods for
the characterization of the microstructure of welded
joints from test welds. This comprises the analysis of
the solidification microstructure (primary and secondary
dendrite arm spacing) as well as the former austenite
grain size and the final phase distribution. The main
focus is the characterization of nonmetallic inclusions
by means of SEM/EDX and light microscopy. Based on
already-developed prototypes with a weld yield strength
of more than 800 MPa, different kinds of inclusions and
precipitates have been assessed with respect to grain
refinement and the resulting impact on strength and
ductility. The effect of aluminum, in the range 90 to
800 ppm, on the microstructure and the mechanical
properties of high-strength steel weld metals has been
studied and it has been found that at low aluminum
contents good values for the tensile strength and the
toughness could be obtained. The results of metallo-
graphic investigations of test welds with different alloy
compositions are presented. The results indicate a sig-
nificant change of the size distribution, the morphology,
and the composition of the inclusions. These results are

finally compared with results from literature and dis-
cussed with respect to the expected influence on the
mechanical properties of the welded joint.
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1 Introduction

The desired microstructure of advanced structural steels
and high-strength steels is achieved by reducing ferrite
grain size through alloying, plastic deformation, and/or
low-temperature phase transformations [1–5]. However,
fusion welding of these steels can lead to a change of
the optimum microstructure that is obtained before
welding as a result of remelting and resolidification of
the base metal. By using appropriate filler metals, dete-
rioration of the mechanical properties caused by weld-
effected microstructures can be prevented. It is custom-
ary that developments of filler metal, base metal, and
welding processing are performed separatly. However,
welds of high-strength steels require an exact adjustment
between the base metal, filler metal, and correct welding
parameters for achieving optimal properties of welded
joints. Therefore, it is necessary to understand the so-
lidification process and to control the metallurgical pro-
cesses which occur during welding of steels. In general,
low-alloy steels undergo multiple phase transformations
during solidification and subsequent cooling [6].
Depending on the cooling rate, carbon, or the substitu-
tional alloy content, the primary solidification product
will either be delta ferrite δFe, austenite γFe, or a
mixture of both [7, 8]. Figure 1 illustrates solidification
and cooling sequences that occur in a hypoperitectic or
peritectic low-alloyed steel weld metal region [9, 10].
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At temperatures above the liquidus temperature or dur-
ing the subsequent solidification, the dissolved oxygen
and nitrogen react with alloying elements to form oxidic
inclusions and nitrides. When a low-alloyed steel is
slowly cooled below the solidification temperature, delta
ferrite will be the first phase to form [11]. In fusion
welds, the delta ferrite grains reveal an anisotropic co-
lumnar morphology, with their major axes aligned in the
direction of the steepest temperature gradient in the
weld pool. On further cooling, austenite nucleates
epitaxially at primary delta ferrite grain boundaries
(Fig. 1). Subsequent growth of the austenite into the
delta ferrite may then proceed by a peritectic transfor-
mation at a rate which might be controlled by diffusion
of carbon in the austenite [6]. Depending on steel com-
position and welding conditions, the weld metal can
directly solidify as austenite without any primary pre-
cipitation of delta ferrite [12]. This solidification mode
has been observed during welding with covered electro-
des in high-carbon steels [13]. Because of competitive
growth occurring during the initial stages of the solidi-
fication process, the columnar austenite grains will have
one of their <100> axes aligned in the direction of the
maximum temperature gradient in the weld pool [6].
Consequently, the weld metal will develop a solidifica-
tion texture which is similar to that observed during
primary precipitation [14].

With a decrease in temperature to ∼1,000 K, allotriomor-
phic alpha ferrite nucleates along the austenite grain bound-
aries (Fig. 1). With a further drop in temperature, the
allotriomorphic ferrite grows inward toward the center of

the grain. Continued decrease in temperature leads to the
formation of Widmanstätten ferrite followed by acicular
ferrite, bainite, and martensite [10].

Bainite forms when the austenite grain size is small
because nucleation predominates at the grain boundaries.
Subsequent growth then swamps the interiors of the austen-
ite grains, preventing the development of acicular ferrite
[12, 15]. When the austenite grain size is large, the number
density of inclusions becomes large relative to boundary
nucleation sites promoting the formation of acicular ferrite
at the expense of bainite (Fig. 1).

In addition to the cooling rate, nonmetallic inclusions
have also an influence on grain size [16]. Grain size and
the resulting microstructure of steel play an important role in
the final mechanical properties. Nonmetallic inclusions can
act as nucleating sites for formation of acicular ferrite during
solidification and they also can promote grain refinement by
inhibiting grain growth. By controlling the composition and

Fig. 1 Schematic illustration of inclusion formation; solidification to delta ferrite; transformation of delta ferrite to austenite; and decomposition of
austenite to different alpha ferrite morphologies, including allotriomorphic ferrite, Widmanstätten ferrite, bainite, and acicular ferrite [9, 12, 15]

Fig. 2 Equilibrium thermodynamic calculations for low aluminum
weld [28]
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size of nonmetallic inclusions in steelmaking and welding,
the final product quality can be improved [17]. By the use of
thermodynamic calculation, an earlier study has shown that
titanium oxide inclusions will form at an aluminum content
of less than 50 ppm but Al2O3 will form at higher aluminum
contents (Fig. 2).

In another study, oxide inclusions were identified as
Al2O3 (1–3 μm) in an Al-killed steel and as Ti–Al–(Mg)–
O (0.3–0.5 μm) in Ti-killed steels. Oxide inclusion sizes in
all the Ti-killed steels were smaller and inclusion densities
higher than those in the Al-killed steel. Solidification struc-
ture, defined as the density of primary dendrite arms within
a defined region was finer with increasing inclusion density
and as a result, the solidification structure of the Ti-killed
steel was finer than that of the Al-killed steel [18].

In a study of G.M. Evans [19], the combined effect of Al
and Ti, in the range 5 to 500 ppm, on the microstructure and
the mechanical properties of C–Mn-shielded metal arc
welds has been investigated (Fig. 3). It was found that Ti,
in contrast to Al, dramatically enhanced the formation of
acicular ferrite and improved notch toughness. A strong
interactive effect was observed, with Al at low

concentrations tending to diminish the influence of Ti. Un-
less a critical balance was achieved with regard to the
oxygen content, it was concluded that Ti be optimized at
30–40 ppm and that Al be kept as low as possible.

The present study describes the methods for the charac-
terization of the microstructure from test welds with the
aluminum content being varied between 90 and 732 ppm.
The results indicate a significant change of the size distri-
bution, the morphology, and the composition of the nonme-
tallic inclusions.

2 Nonmetallic inclusions

Nonmetallic oxide inclusions in steel can be classified
according to their origin, their chemical composition, or
the time of their formation [20].

In terms of their derivation endogenous and exogenous
oxide inclusions can be distinguished. Endogenous inclu-
sions are reaction products remaining from deoxidation. By
contrast, exogenous inclusions form by subsequent reaction
of the metal with oxygen. The majority of oxide inclusions
in steel are endogenous inclusions.

With respect to chemical composition, oxide inclusions
can be classified as follows:

& MeO: Mostly iron is partially replaced by manganese
(FeO, MnO, or (Fe, Mn)O)

& Corundum: Me2O3 for example Al2O3

& Spinel: MgO×Al2O3, FeO×Al2O3, and MnO×Al2O3

(galaxite)
& Silicates: 3Al2O3×2SiO2 (mullite), MnO×SiO2 (rodonite),

and 2MnO×2Al2O3×5SiO2

& CaO×SiO2, 2FeO×SiO2 (fayalite), and (Fe, Mn)-silicates

With the respect to the time of formation, metallic oxide
inclusions can be classified as primary, secondary, or tertiary
inclusions [21–23].

Fig. 3 Notch toughness model of the Al–Ti system [19]

Table 1 Target values of the chemical composition of the weld sam-
ples, weight percent

C Si Mn P S Cr Mo Ni Ti

0.06 0.7 1.5 0.009 0.008 0.4 0.3 2 0.014

Table 2 Al and O/N content of the weld samples, ppm

Variation of the aluminum content

Al, ppm 90 110 230 390 540 732

O, ppm 396 484 555 574 592 473

N, ppm 29 62 26 29 23 25

Table 3 Welding parameters

Current, A Voltage, V Weldingspeed,
cm/min

Heat input per unit
length, kJ/cm

250 30 56 8
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3 Materials and experimental details

Weld samples with different aluminum contents were pro-
duced. The aluminum content varied between 90 and
732 ppm. Other alloying elements were kept constant
(Tables 1 and 2).

The main aim of the investigation was to establish a
relation between microstructure mechanical properties. The
main focus is the characterization of the nonmetallic inclu-
sions by means of SEM/EDX and light microscopy.

Since the welding parameters have an overriding effect
on the cooling rate and thus on the solidification rate, care
must be taken that voltage, current, and welding speed
remain constant during welding (Table 3). This ensures that
every test is done with same heat input length per unit and
the t8, 5 time remains constant.

3.1 Metallographic determination of primary λ1
and secondary λ2 dendrite arm spacing

The first step in the investigation was the assessment of the
primary microstructure of the welds, the primary and sec-
ondary dendrite arm spacing were measured.

Depending upon the directional growth conditions, the den-
drites (fromGreek, dendron0 tree) will develop arms of various
orders. A dendritic form is usually characterized in terms of the
primary (dendrite trunk) spacing, 11, and secondary (dendrite
arm) spacing, 12 (Fig. 4). It is important to note that the value of
11 measured in the solidified microstructure is the same as that
existing during growth, whereas the secondary spacing is sig-
nificantly increased by the long contact time between the
highly curved, branched structure and the melt [23].

During the further growth of the primary trunks, the
secondary arms may already hit on the diffusion field of
other branches of neighboring dendrites, so their growth is
inhibited. Secondary arms begin to coarse and ripen. While
the distance between the primary dendrite trunks at the
beginning of solidification is the same as those that can be
measured on the solidified microstructure the secondary
dendrite arm spacing, 12, is subject to a ripening process.
In the beginning, the secondary dendrite arm spacing is very
small, but in the course of time and at a low solid fraction,
an arm may remelt in support of an arm with a better growth
direction by Ostwald ripening. This process continues all the
way to the roots of primary dendrites, where the final
dendrite arm spacing, 12, is reached [16, 24].

Fig. 4 Definition of primary 11
and secondary 12 dendrite arm
spacing [16]

Fig. 5 Areas of metallographic investigation
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It is assumed that the cell or dendrite envelope, represent-
ing the mean cross-section of the trunk and branches, can be
described approximately by an ellipse. The radius of curva-
ture of the ellipse is given by Eq. (1):

Rtip ¼ b2

a
ð1Þ

In practical applications, the dendrite tip radiusRtip is not as
important as the primary arm spacing 11 since it is very
difficult to measure it directly [23]. In general, the primary
arm spacing 11 is proportional to the half width b of the
dendrite stem. In cases where the arrangement of the dendrite
trunks can be represented by a simple close packed hexagonal

array, the value of b is exactly equal to l1=
ffiffiffi

3
p

[17, 24].
Similarly, the total length of the dendrite stem, a can be

calculated by considering the difference between the tip
temperature Ttip and the root temperature Troot [16, 23]:

a ¼ Ttip � Troot
GL

ð2Þ

The dendrite arm spacings were determined by optical mi-
croscopical examination following polishing and etching (com-
position of the etchant—170 ml picrid acid, 30 ml water dest.,
1.7 ml HCl concentration, and 10ml Agebon). The etchingwas
performed in two steps at 25–30 °C. In the first step, the sample
was etched for 20–30 s until the austenite grains appeared.
After metallographic observation of the austenite grains the
sample was further etched with the same etchant and the same
etching temperature until the dendrite arms were visible.

The studied welds consist of seven layers and each layer is
prepared with three weld beads. Because a weld layer consists
of a cast structure, which is influenced by heat treatment when
the next layer is deposited, the primary dendrite arm spacings
were measured in the area of directional solidification in the
last weld bead of the last weld layer of the sample (Fig. 5).

For the measurement of the primary dendrite arm spacing in
the last weld bead, nine areas were selected, and in each area,
40 measurements were made. From 360 individual measure-
ments, the average value of the primary dendrite spacing was
finally determined. In the selected area the secondary dendrite
arm spacing was measured. Because the secondary dendrite

Fig. 6 Measurement of the
dendrite arm spacing. a Primary
dendrite arm spacing; b
secondary dendrite arm spacing

Fig. 7 Measurement of austenite grain size
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spacing is much smaller at the dendrite tip the spacing was
measured in middle of the dendrite trunk (Fig. 6).

3.2 Austenite grain size

A further important parameter of the microstructure is the
austenite grain size. Most steel weld metals begin their solid-
ification with the formation of δ-ferrite and in the majority of
cases it is accompanied by nucleation of austenite on the δ-
ferrite grain boundaries as shown in Fig. 1 [25]. The δ-ferrite
grains that form on solidification are reported to have elon-
gated or columnar structure [26, 27]. When δ-ferrite forms,
two major solid-phase transformations occur on cooling to
room temperature. The first occurs at high temperatures with
δ-ferrite transforming to austenite approximately between
1,400 and 1,500 °C. The austenite is reported to grow from
side to side across the δ-ferrite grains. It is generally not
possible to clearly see the former austenite boundaries after

transformation has taken place at lower temperatures [26]. In
any case, the formation of austenite happens very quickly and
its grain size is a very important factor, since austenite grain
size has an influence on the final mechanical properties.

The measurement of the austenite grain size was also
done in the last weld bead of the sample. In order to get a
good result, the equivalent circle diameter (ECD) of the
austenite grains was determined at six different positions
on the surface. Of about 300 measured grains, the number of
grains per square millimeter was determined and presented
in a log-normal distribution (Fig. 7).

3.3 SEM/EDX

Nonmetallic inclusions play an important role in the metal-
lurgy of welding. An arc-weld deposit typically contains
some 1018m−3 inclusions of a size greater than 0.05 μm,
with a mean size of about 0.4 μm, distributed throughout the

Fig. 8 Distribution of nonmetallic inclusions

Fig. 9 SEM/EDX analysis
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microstructure. Inclusions form as oxygen in the liquid weld
metal reacts with strong deoxidizing elements such as sili-
con, aluminum, and titanium [15]. The influence of alumi-
num content on the weld metal solidification is documented
in the literature [18, 28]. With increasing Al2O3 contents in
the inclusions the grain size decreases [6]. A small-grain-
sized sample has a relatively large number density of grain
boundary nucleation sites so bainite dominates the micro-
structure, whereas a relatively large number density of intra-
granular nucleation sites leads to microstructure consisting
predominantly of acicular ferrite [15].

SEM/EDX analysis was done in all samples at the same
position (Fig. 5). After the ECD of the inclusions was
measured and the inclusion size distribution was determined
(Fig. 8), inclusions were classified as shown in Fig. 9.

4 Results

With an increase in aluminum content, the primary and sec-
ondary dendrite spacing decrease as shown in Fig. 10. The

observed relationship between dendrite arm spacing and the
aluminum content is also described in the literature [29]. For
the calculation of 12 the local solidification time is required,
which can be calculated by Eq. 3 [6]. The dependence of
secondary dendrite arm spacing on the alloy content is for
example described by Cabrera-Marerro et al. in Eq. 4 [29].
The equation shows that the secondary dendrite arm spacing
decreases with increasing aluminum content. The necessary
temperatures Tm, Troot, and Ttip and the thermal conductivity
are calculated by the IDS software [30]. Using a net arc power
of 6,000Wand a welding speed of 0.0094 m/s, the calculation
was done for six aluminum contents.

tf ¼ ΔT*

2pl Tm � T0ð Þ2 q0=vð Þ; s½ � ð3Þ

l2 ¼ t1=3f � 70 wt%Cð Þ þ 50 wt% Sið Þ � 0:755 wt Nið Þ � 3042 wt%Crð Þ½ �;

½micrometer� ð4Þ

tƒ Local solidification time (second)
Tm Melting point (degrees Celsius or kelvin)

Fig. 10 Relation between dendrite arm spacing and aluminum content

Table 4 Comparison of calculated and measured values of 12

Al
content,
ppm

12 (measurement),
μm

12 (calculation),
μm

Difference between
measurement and
claculation, μm

90 20 24 4

110 17 16 1

230 11 13 2

390 9 11 2

540 8 9 1

732 8 12 3

Table 5 Austenite gain
size as function of alu-
minum content

Al
content,
ppm

Austenite
grain
size, μm

Standard
deviation of the
measurement,
μm

90 26 3

110 28 6

230 33 4

390 27 4

540 24 3

732 23 2

Table 6 SEM analysis: comparsion of inclusion size with the Al/O
ratio

Al an O content of the weld sample Number of non metallic
inclusions

Al content,
ppm

O content,
ppm

Al/O ratio,
× 10−3

(ECD: 1–3 μm),
parts/mm2

Total number
of inclusions,
parts/mm2

90 396 227 815 25,759

110 484 227 252 34,755

230 555 414 934 36,576

390 574 679 1,018 28,482

540 592 912 1,112 24,747

732 473 1,548 1,397 22,926
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Troot Dendrite root temperature (degrees Celsius or kelvin)
Ttip Dendrite tip temperature (degrees Celsius or kelvin)
ΔT* Temperature difference between tip and root of

dendrite (kelvin)
1 Thermal conductivity (watts per meter kelvin)
q0 Net arc power (watts)
v Welding speed (meter per second)

It can be seen in Table 4 that the calculation and measured
values are in good agreement. The difference between the
measured values and the calculated values is approximately
the same as the standard deviation of the measured values.

Table 5 shows that the diameter of the austenite grains
increases between an aluminum content of 90–230 ppm and
decrease again at higher aluminum contents.

Table 6 shows that the number of inclusions with a diam-
eter between 1 and 3 μm is proportional to the Al/O ratio. The
total number of all detected inclusions reaches a maximum at
an aluminum content between 110 and 230 ppm.

The inclusions with a diameter of 1–3 μm were classified
by means SEM/EDX analysis as MnO–SiO2–Al2O3 and
MnO–SiO2–TiO2 inclusions (Figs. 11 and 12).

It follows from Fig. 13 that the fraction of Al2O3 in the
MnO–SiO2–Al2O3-type inclusions increases until an Al/O
mass ratio of 1.13 is reached [6]. Aluminum is a stronger
oxidizing agent than titanium so it is expected that Al2O3

forms first and binds the oxygen. A thermodynamic calcu-
lation which was done by the commercial software FACTS-
age 6.2 shows that the MnO–SiO2–Al2O3 inclusions form at
high temperature whereas the MnO–SiO2–TiO2 inclusions

Fig. 11 Inclusion types at different aluminum content of the weld metal superimposed on the MnO–SiO2–Al2O3 system, calculated by FACTSage
6.2. a MnO–SiO2–Al2O3: 1600 °C; b MnO–SiO2–Al2O3: 1150 °C

Fig. 12 Inclusion types at different aluminum content of the weld metal superimposed on the MnO–SiO2–TiO2–system, calculated by FACTSage
6.2. a MnO–SiO2–TiO2: 1400 °C, p(O2)010

−5atm; b MnO–SiO2–TiO2: 1200 °C, p(O2)010
−5atm
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form at lower temperatures. The MnO–SiO2–TiO2 inclu-
sions have always the same position in the phase diagram,
but the number of these inclusions decreases with an in-
crease in aluminum content (Fig. 14).

The results of this study have showed that a very low Al
content has a positive effect on the mechanical properties of
the weld metal in agreement with earlier studies [28].

Toughness reached an optimal value at an Al content of
150 ppm and a Ti content of 150 ppm. Although the tensile
strength reached in that area a local minimum, the value of
the tensile strength is quite high in relation to the toughness
(Fig. 15). This result is in agreement with the study of G.M.
Evans. In this study, the transition temperature, the tensile
strength, and the impact energy was determined (Fig. 3)
[19]. The toughness also reached its optimal value at an Al
content of 150 ppm and a Ti content of 150 ppm.

5 Conclusions

The present study describes the methods for the characteriza-
tion of the microstructure of welded joints from test welds.
This comprises the analysis of the solidification microstruc-
ture (primary and secondary dendrite arm spacing) as well as
the former austenite grain size and the final phase distribution.
The main focus was the characterization of the nonmetallic
inclusions by means of SEM/EDX and light microscopy. The

aluminum content has been varied between 90 and 732 ppm
with a constant basic weld composition, whereas the welding
parameters have been kept constant.

The main results are as follows.

1. With an increase in aluminum content, the primary and
the secondary dendrite arm spacings decrease. The di-
ameter of the austenite grains increases between an
aluminum content of 90–230 ppm, but decrease again
at higher aluminum content.

2. The number of inclusions with a diameter between 1
and 3 μm is proportional to the Al/O ratio. The total
number of all detected inclusions reaches a maximum at
an aluminum content between 110 and 230 ppm.

The inclusions with a diameter of 1–3 μm were identified
by means SEM/EDX analysis as MnO–SiO2–Al2O3 and
MnO–SiO2–TiO2–type inclusions.

3. As described in the literature, the content of Al2O3 in the
MnO–SiO2–Al2O3 inclusions increases until an Al/O ratio
of 1.13 is reached. Thermodynamic calculation showed that
the MnO–SiO2–Al2O3 inclusions form at high temperature
whereas the MnO–SiO2–TiO2 inclusions form at lower
temperatures. TheMnO–SiO2–TiO2 inclusions have always
the same position in the phase diagram, but the number of
these inclusions decreases with higher aluminum contents.

Fig. 13 Inclusion composition of MnO–SiO2–Al2O3

Fig. 14 Inclusion composition of MnO–SiO2–TiO2
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4. At low aluminum contents, good values for the tensile
strength and the toughness were attained. The toughness
reached an optimal value at an aluminum content of
150 ppm and a titanium content of 150 ppm, in agree-
ment with a study of G.M. Evans [19].
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